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Recent experiments revealed micrometer (µm)-sized Selenium (Se)-doped
Germanium (Ge) particles forming a network of inactive phase (Li-Ge-Se) bring superior
performance in cycling stability and capacity over un-doped Ge particles. Therefore,
based on two states of Li (one for diffusion and another for alloyed reaction), a phasefield model (PFM) is developed incorporating both chemical reaction and Li diffusion to
investigate remaining elusive underpinning mechanism. The reaction-diffusion PFM
enables us to directly determine the conditions under which the lithiation process is
diffusion- and/or reaction-controlled. Moreover, coupling the elasto-plastic deformation,
the model allows us to investigate the role of the inactive phase in morphology and stress
variation of Se-doped Ge electrode upon lithiation. The numerical results reveal that the
tensile hoop stress at the surface of the particles is significantly suppressed due to
softness of the inactive Li-Ge-Se phase, in line with the experimental observation of
surface fracture-free behavior. Further, we find that the soft Li-Ge-Se phase reduces a
compressive mean stress at the reaction front, thus alleviating the stress retardation effect
on the lithiation kinetics. And, the high Li diffusivity of the amorphous Li-Ge-Se network

provides an effective Li diffusion path for inter-particle diffusion, reducing stress
difference between the surfaces of neighboring particles. Besides, the constraint between
the adjacent particles induces a higher compressive stress at the reaction front impeding
the mobile Li insertion during lithiation. Though small c-Ge nano-particle in the
Ge0.9Se0.1 microparticle is lithiated faster than large one, the compressive stress is
generated at the center of small one for stress equilibrium which causes more retardation
effect. Meanwhile, the size difference between adjacent particles increases the principle
and shear stresses in the inactive Li-Ge-Se network near adjacent surfaces, which could
potentially lead to mechanical failure and debonding of the amorphous network. We
believe that the results of this investigation can shed some light on the optimization
design of electrodes.
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INTRODUCTION
1.1
1.1.1

Background
Background and problems of alloy-type anode electrodes in Li-ion batteries
Electrification of transportation vehicles requires a significant increase in the specific

energy density of current Li-ion batteries (LIBs), and one of the simplest ways to increase the
energy density would be via development of high-storage capacity electrodes [1-7]. The
Schematic of a working lithium-ion battery is shown in Figure.1.1. Alloy-type anode materials
have been a focus in many recent studies because of their much higher storage capacity
compared to graphite (372 mAh/g) [8]. For instance, Si-based alloys have been widely studied in
academia and developed commercially due to the material’s abundance, low voltage and the high
volumetric capacity of lithiated Si, 4200 mAh/g for Li15Si4 [9-11]. Meanwhile, Ge-based alloys
are similar low-voltage and high volumetric capacity materials (such as 1600 mAh/g) and have
been studied owing to higher electrical conductivity compared to the Si-based alloys [12].
However, the major challenge in the development of alloy-type anodes is the high volume
change involved in the reaction scheme [13]. Si has about a 300% volume change upon
charging/discharging, which can result in particle fracture and electrode delamination from the
current collector, thereby leading to rapid loss of specific capacity [13, 14]. Thus, a major
impediment to the use of alloy-type anode materials is the mechanical degradation (i.e., surface
failure) of the electrodes in LIBs because of large swelling and shrinkage during
1

charging/discharging cycles[15-21]. For example, Mukherjee et al. deployed computational
methods to study mechanical-electrochemical interaction in silicon-type high-capacity
electrodes, and concluded that the majority of the microcracks evolve at or near the particle
surface due to high volume expansion induced tension during lithiation[19-21]. Therefore,
optimization of electrode designing is necessary to reduce the mechanical degradation and, thus,
extend service life of LIBs.

Figure 1.1

Schematic of the working mechanism of a lithium-ion battery[22]

As one of the design strategies, using nano-size electrode particles can reduce surface
fracture. Particle fracture can be alleviated by nano-structuring the alloy-type anode materials
due to the facile strain accommodation and the short diffusion path for electron and Li-ion
transport in these nanostructured electrodes [12, 14, 23-25]. However, nano-structured particles
2

have low tap density and lead to lower volumetric energy density anodes, making scale up
difficult [3]. The surface area of the material increases with decreasing the particle size, which
leads to a large irreversible capacity loss due to the formation of the solid electrolyte interphase
(SEI) [13]. Additionally, when over-charging or over-fast charging happens, the inhomogeneous
Li dendritic growth at the surface of electrode may potentially cause a short circuit in the LIBs
[26].
Several other design strategies, therefore, have been applied to improve the
electrochemical performance of the LIBs via mitigating the chemomechanical degradation of the
electrode materials. For instance, surface coating is one of those design strategies that can
effectively mitigate the chemeomechanical degradation by acting as a multiple functional layer.
Such a layer suppresses the volumetric change upon lithiation preventing cracking and
pulverization of electrode materials [27]. On the other hand, the coating layer impacts the
chemical reaction kinetics and diffusion rate in the lithiated region by tuning the stress
distribution inside of the electrode [27]. However, most of current surface coating methods, such
as adding metallic oxide via alloying, are often time consuming or cost-intensive [28-30].
Moreover, using alternative materials as anode material of electrode can also enhance
mechanical performance of electrodes. In recent years, Ge-based anode materials have received
lots of attention from academic and industrial entities due to their higher electrical conductivity
compared to Si-based anode materials[31, 32], as compared in Table 1.1. Besides, Ge-based
anode materials show better mechanical performance than Si-based ones in recent studies. For
example, Chan et al. investigated onset voltage for lithiation of the (100), (110), and (111) planes
in both Si and Ge single crystal via combination of first principles calculations, electrochemical
experiments, and Raman spectroscopy. Their results indicated that lithiation of Ge is independent
3

of orientation, unlike Si [33]. Liang et al. concluded based on in situ TEM study that the weak
anisotropy of the lithiation strain at the reaction front contributes to mechanically robust
behavior of Ge nanoparticles [34]. They observed fracture free for particles with a large initial
diameter, i.e., 620 nm, after multiple cycles [34]. The isotropic nature of lithiation contributes to
this resistance to fracture [34], compared to highly anisotropic lithiation found in c-Si
electrodes[35]. Vlassak et al. found out Ge electrodes are more resilient to fracture than their Si
counterparts via performing in-situ measurements of the stresses, stiffness, and fracture energy of
a-LixGe thin-film electrodes during electrochemical cycling[36]. However, as an alloy-type
material, Ge can still undergo a high volume expansion (261%) during lithiation[37], which can
also lead to mechanical failure of electrodes. Therefore, a design that can combine all above
advantages but avoid disadvantages is needed.
Table 1.1

Comparison between Si and Ge
Silicon

Germanium

Electrical Conductivity

1000 S/m

2000 S/m

Resistivity

0.001 m Ω

0.0005 m Ω

1

400

150 nm

> 1 μm

Stability

Low

High

Capacity

4200 mAh/g

1624 mAh/g

400%

260%

Li Diffusivity (/DSi)
Diameter without fracture

Volumetric expansion
* Notice: Dsi is the Li diffusivity in Si

4

1.1.2

Se-doped Ge electrode particles
Recently, Mullins’s group proposed a self-forming active/inactive phase design in a

micrometer (µm)-sized Se-doped Ge particle, where a network of active Ge inclusions amidst an
amorphous Se-containing inactive phase is automatically formed during the initial lithiation
cycle. Preliminary studies have shown that micrometer (µm)-sized Se-doped Ge particles vastly
outperform un-doped Ge particles of similar size [3], without surface fracture nor severe capacity
fade for hundreds of cycles [3, 38], as shown in Figure 1.2.
From the comparison, the blue data of the Ge0.9Se0.1 electrodes have less capacity fade
than the green data of pure Ge electrodes. The test conditions are: 1) The areal density of the
slurry-cast electrodes, carrying the pure Ge or Ge0.9Se0.1,was ~0.6 mg/cm2. 2) The film is
consisted by 80 wt.% of pure Ge or Ge0.9Se0.1, 10 wt.% of Super P carbon and 10 wt.%
carboxymethylcellulose. 3) Both of the electrodes were tested in 2032 coin cells with Li metal
foil as the second electrode. 4) The electrolyte was 1M LiPF6 in 1:1 v:v fluoroethylene carbonate
and diethyl carbonate. 5) Galvanostatic charge-discharge cycling was conducted in the 10 mV to
1.5 V range to evaluate deep discharge performance. Figure. 1.2 shows the capacities retained
after cycling at various C-rates, each data series reproduced with at least four different cells. At
the beginning, a conditioning cycle at C/20 rate was given to both electrodes. Later, after being
cycled five times at C/5 rate, the pure Ge electrode lost 35% of its capacity, but the Ge0.9Se0.1
electrode gained 3%. Then, the C-rate was increased, as C/2 to 5C, the capacity of Ge0.9Se0.1
exhibited stability, but the performance of the pure Ge electrode deteriorated. After the 80-cycle
variable C-rate test, the pure Ge electrode was re-tested at a slow C/20 rate. However, only a
capacity of 378 mAh/g was retained, which is 32% of its initial C/20 rate capacity. In contrast,
when the Ge0.9Se0.1 electrode was returned after the 80 cycle variable C-rate test to 1 C rate, it
5

retained a capacity of 1 Ah g-1 initially exceeded that measured at a 1 C rate in cycles 16-30,
which is much higher than pure Ge electrode. During the next 920 cycles at 1C rate, the capacity
of the Ge0.9Se0.1 electrode faded at a rate of C. 0.3 mAh/g per cycle, and the early efficiency of
near 99.7% increased to 99.9% in cycles 400-1000[39]. Note that the reduction the capacity of
Ge0.9Se0.1 may result in the formation of Li-Ge-Se network in the first cycle, which irreversibly
consumes the Li inventory and active material.

Figure 1.2

Galvanostatic deep discharge cycling of the µm-sized particles of pure Ge- (green
data) or Ge0.9Se0.1based (blue data) electrodes showing performance at variable Crates through 80 cycles following a conditioning cycle at C/20. [39]

Here, we show the images of ultramicrotome sectioned Ge0.9Se0.1 electrodes after 80
cycle variable C-rate test, as shown in Figure. 1.3. In order to provide detailed information about
the internal structure of particle, the images are taken by high resolution transmission electron
micrographs (HR-TEM) (Figure. 1.3(a)) and high angle annular dark field scanning transmission
electron micrographs (HAADF-STEM) (Figure 1.3(b)). Different from the pure Ge electrode
particle, the Se-containing amorphous phase is automatically formed and enveloped a
heterogenous network of crystalline Ge clusters in the cycled Ge0.9Se0.1 particles, as shown in
Figure. 1.3(a). Furthermore, in the interior of a selected micro-sized particle (Figure. 1.3(b)), the
nanosized crystallite Ge and amorphous regions is clearly shown. The images shown that the
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cycled Ge0.9Se0.1 particles was observed to remain intact, which is consistent with the stability
exhibited in Figure 1.2.

Figure 1.3

(a) HR-TEM of the interior of a Ge0.9Se0.1 particle. The white arrows point to Ge
crystallites. (b) HR-TEM showing the crystallites embedded in the amorphous
phase.

The mechanical degradation is also alleviated in Ge0.9Se0.1 electrodes. Base on the taken
scanning electron micrographs (SEM) (Figure.1.4(a) and (b)), the pure Ge and the Ge0.9Se0.1
electrodes were very similar before the 80 cycles variable C-rate text. However, after the test, the
delaminated of the film of the Ge electrode was observed, and such delamination was even
visible to the naked eye. SEM and the EDS of the pure Ge electrode (Figure.1.4(c)) showed that
Li-dendrites cover the pure Ge film, which is identified by the dendrite shape and, also, by their
chemical composition (high in the elements of the electrolyte). When the active material in the
electrode, which only 1/3rd originally electrochemically active materials remained after 80 cycle
variable C-rate test, the growth of lithium dendrite will be not a surprise. This is because the
current density will increase when passing through the remaining pure Ge particles and, thus, the
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overpotential increases, by which metallic, potentially dendritic, lithium is electrodeposited. In
contrast, the surface of the Ge0.9Se0.1 electrodes remained smooth, comparatively free of
observable dendrites (Figure. 1.4d). A striking change in the cycled Ge0.9Se0.1 electrodes was the
forming of a conductive Ge-Li-Se network around their Ge0.9Se0.1 particles. Unlike the pure Ge
film, the Ge0.9Se0.1film did not delaminate in the 80-cycle variable rate test[39].

Figure 1.4

SEM of uncycled (a) pure Ge-based and (b) Ge0.9Se0.1-based electrodes. Ex situ
SEM after the 80 cycle variable C-rate test characterizing the charged (shown in
ESI†) and discharged state of the (c) pure Ge-based and (d) Ge0.9Se0.1-based
electrodes. The yellow dashed line in the regions of unambiguous film
delamination. No evidence of delamination was found in observation of the
Ge0.9Se0.1-based films. The red dashed line in d outlines some of the few dendritic
growths observed. The red dashed line outlines several of the multitude of
dendritic growths observed upon the pure Ge-based electrode (c)[39].

Despite of above findings, the fundamental understanding of the role of the inactive
phase in the stress mitigation of active electrode particles remains elusive [39]. And for
optimization design high performance electrode, there are three aspects need to be answered:
1. How does a soft Li-Ge-Se network reduce surface crack of electrodes?
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2. What is the role of Li-Ge-Se in electrode particles lithiation?
3. How is the particle-particle interaction during lithiation?
Thus, a systematic study of lithiation kinetics, and its effect on the stress distribution, as
well as the stress retardation effect on the lithiation kinetics is needed. And a new numerical
model, as a tool to explicitly simulate the concurrent processes of Li diffusion and
electrochemical reaction in Ge0.9Se0.1 electrode particles, is, thus, required.
1.2

Research objective
In line with the current research trend, the objective of this dissertation is to develop a

phase-field model (PFM) incorporating both chemical reaction and Li diffusion to investigate
remaining elusive underpinning mechanism of Se-doped Ge electrode. Coupling elasto-plasto
deformation, the model allows us to investigate the role of the inactive phase in morphology and
stress variation of Se-doped Ge electrode upon lithiation. In order to achieve this objective, the
following topics have been explored in each chapter:
•

Chapter II: A PFM integrating chemical reaction, Li diffusion, and interfacial
effects, as well as elasto-plastic deformation is developed[40]. We employ the
model to simulate the concurrent evolution of phases, morphologies and stress in
the lithiated Se-doped Ge electrode particles with a network of active/inactivephase structure. The proposed model allows to determine the condition which
leads to a diffusion and/or reaction controlled lithiation process, by defining two
sets of phase-field order parameters corresponding to two states of Li, i.e., one for
the mobile/free Li diffusing in the electrode and the other one for the
immobilized/trapped Li forming Lix0Ge alloy within the electrode. Similar idea of
treating diffusion and reaction species separately had been also adopted in some
9

previous works [41-43]. The present PFM is broadly applicable to high-capacity
electrodes and even general electro-chemo-mechanical systems undergoing phase
reaction, diffusion and elasto-plastic deformation.
•

Chapter III: The numerical study of this chapter is based on single, isolated
electrode particle[40]. With the developed PFM, the chapter presents the
investigation of the effect of the inactive Li-Ge-Se network on the stress
distribution of active/inactive-phase electrode is comprehensively explored.
Further, the study of lithiation kinetics, and its effect on the stress distribution, as
well as the stress retardation effect on the lithiation kinetics are conducted.

•

Chapter IV: The numerical study of this chapter focuses on multiple particle
model under influence of the particle-particle interaction during lithiation
process[44]. The investigation of stress mitigation in the micrometer-sized
Ge0.9Se0.1 electrode particle via the effect of c-Ge nanometer-sized sub-particle
interaction in a network of Li-Ge-Se. Here, we construct the 2D model inspired
by experimental observations, as the network of inactive Li-Ge-Se phase
enveloping nanometer-sized c-Ge particles [3, 45]. Then, applying the reactiondiffusion PFM coupling elasto-plastic deformation to investigate the stress field
evolution and the mechanical interaction in regulating the Li distribution and
stress retardation of lithiation kinetics. First, the particle-particle interaction is
studied by exploring the concurrent evolution of phases, morphologies and stress
between two Ge0.9Se0.1-based particles with unequal size. Second, the phase
evolution and stress mitigation under the influence of Li-Ge-Se network in an
image-based model by including many particles of randomly distributed sizes.
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•
1.3
1.3.1

Chapter V: The conclusion of this dissertation.

Literature review
Current numerical studies of alloy-type anode electrodes in Li-ion batteries
Electrochemically driven mechanical degradation in high-capacity alloy-type electrodes

has stimulated enormous efforts on the development of chemo-mechanical models to understand
how the stress arises and evolves in lithiated alloy-type electrodes [46-50]. These chemomechanical models often treated the lithiation-induced stress as a diffusion-induced stress by
considering Li diffusion in a solid-state electrode that results in the change of composition from
its stoichiometric state. Deviation from stoichiometry usually leads to a volume change that
generates stress if the Li distribution is non-uniform [51]. The resulting stress in turn modulates
lithiation kinetics (reaction rate and diffusivity) in lithiated electrodes [52-54]. Motivated by the
experimental observations of drastic morphological changes in lithiated alloy-type electrodes,
elasto-plastic deformation is also coupled with Li diffusion [46, 49, 55-58]. Based on nonequilibrium thermodynamics, Zhao et al. [49, 58] considered the coupled large plastic
deformation and lithiation in a spherical Si electrode. Bower et al. [46, 55] developed a
theoretical framework to incorporate finite deformation, diffusion, plastic flow, and
electrochemical reaction in the lithiation of Si electrodes. Such models treated Li diffusion in a
single phase with a gradual variation in Li concentration, which is inconsistent with the twophase lithiation mechanism uncovered by the recent in situ transmission electron microscopy
(TEM) experiments [59]. Huang et al. [60, 61] and Yang et al. [62, 63] developed a non-linear
concentration-dependent diffusion model in which Li diffusivity was treated as a non-linear
function of Li concentration to effectively generate a sharp phase boundary. Jia et al. [64] further
extended the non-linear diffusion model to a two-step electrochemical lithiation of amorphous Si
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to understand the intrinsic stress mitigation mechanism of the two-step lithiation. Cui et al. [57]
and Liu et al. [52] studied the lithiation of Si by considering the interfacial chemical reactions
and bulk diffusion as two sequential processes. However, the non-linear diffusion model,
implemented in a general finite element framework, failed to provide a characteristic length scale
as the interface thickness varied with the lithiation time. Besides, above studies were based-on
the single, isolated particle, which provided limit values to the electrodes consisted by multiple
particles. This is because a cluster of electrode particles usually involve particle-particle
interaction during lithiation reaction.
Several research groups show that the maximum value of lithiation-induced stresses in
the realistic particle is much higher than the prediction from the isolated, idealized models [65,
66]. Concluding from previous chemomechanical simulations of electrode with multi-particles:
(i)

The microstructure of electrode particles strongly impacts the stress generation
(i.e., pressure from neighboring lithiated particles), Li diffusion/concentration
(i.e., a low Li influx may result in diffusion-controlled lithiation), and mechanical
failure.

(ii)

In a multi-particle system, the value of resulting stresses can be significantly
higher than the one in single isolated particles.

(iii)

The mechanical properties of conductive coating layer, particularly the yield
stress and elastic modulus, play important roles in determining the average
stresses developed in the electrodes [66-68].

Hence, in order to understand the chemo-mechanical behaviors of Ge0.9Se0.1 based
electrodes, it is necessary to study stress evolution and phase morphology among nanosized Ge
particles enveloped by Li-Ge-Se network.
12

1.3.2

Phase field model-based studies of LIBs
Phase-field methods (PFM) have been applied to a vast range of materials phenomena,

e.g., solidification [69, 70], solid-state phase transformation [71], recrystallization [72] and grain
growth [73, 74]. PFM is formulated based on the theory of irreversible thermodynamics, and is
advantageous in addressing the time-dependent evolving morphologies and describing the
complex microstructure evolution process. For example, recently, Min et al. [75] developed a
PFM coupling with a single crystal plasticity model to study the creep behavior of nickel-based
single crystal superalloy. In particular, the diffuse interface between adjacent phases can be
conveniently captured by a gradient term without the need of cumbersome tracking of a sharp
interface in every step of the numerical simulation. The early attempt along this line was to
couple the PFM with a linear elasticity model by Van de Ven et al. [76], who investigated the
effect of coherency strains on phase stability in LiFePO4. Later, Bazant et al. [77, 78] developed
a thermodynamically consistent PFM, coupled with linear elasticity, to simulate the non-linear
Butler-Volmer reaction kinetics. More recently, Anand et al. [79] proposed a general formalism
to couple the PFM with elasto-plastic deformation. Di Leo et al. [80] subsequently implemented
this formalism with a numerical approach to simulate the LiFePO4 electrode material. However,
these PFMs assume linear elastic deformation that is not applicable to alloy-type electrodes
undergoing elasto-plastic deformation during lithiation. Chen et al. [81] thus developed a PFM
integrating elasto-plastic deformation to investigate the phase evolution, morphology and stress
mitigation inside of crystalline Si electrode during lithiation. Gao and Hong [82] further
developed a PFM treating both volumetric and deviatoric inelastic deformation as a direct
consequence of the lithiation at the reaction front. Unfortunately, all of the above Cahn-Hilliardbased PFMs, in fact, simply assume a reaction-limiting lithiation process from the physical
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viewpoint and fail to explicitly simulate the concurrent processes of Li diffusion and
electrochemical reaction. Thus, they are not applicable for the lithiated Se-doped Ge electrode
particles where a self-forming inactive layer possibly makes the reaction-limiting assumption
invalid even more.
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A REACTION/- DIFFUSION PHASE FIELD MODEL COUPLING ELASTO-PLASTO
DEFORMATION
In this chapter, we aim to develop a PFM integrating chemical reaction, Li
diffusion, and interfacial effects, as well as elasto-plastic deformation. We employ the
model to simulate the concurrent evolution of phases, morphologies and stress in the
lithiated Se-doped Ge electrode particles with a network of active/inactive-phase
structure as shown in Figure. 2.1. The proposed model allows to determine the condition
which leads to a diffusion and/or reaction controlled lithiation process,
2.1

Problem description
Figure. 2.1 shows the scanning electron microscope (SEM) and high resolution

transmission electron microscopy (HR-TEM) images of the cycled Se-doped Ge
(Ge0.9Se0.1) electrode particles. Figure. 2.1(a)-(d) reveals the micrometer (µm)-sized
particles featuring a heterogeneous network of nanometer-sized crystalline Ge (c-Ge)
clusters, surrounded by the Se-containing amorphous phase. We hypothesize that this Secontaining amorphous phase is a super ionically conductive Li-Ge-Se layer [83]
considered as an inactive material not involving further chemical reaction once formed.
Amplifying Figure. 2.1(a) clearly renders the Ge phase is much more prevalent than the
Li-Ge-Se phase (see Figure. 2.1(b)-(d)), with the size ratio of about 5~10, which is
consistent with the fact that there are 8 atoms of Ge for every “molecule” of Li-Ge-Se,
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according to the composition ratio of Ge0.9Se0.1. Our focus in this study is not on the
irreversible formation mechanism of such Li-Ge-Se amorphous phase network, instead,
we aim to investigate the tempo-spatial morphology and phase change, as well as stress
evolution of c-Ge clusters surrounded by an existing Li-Ge-Se phase during lithiation.
For simplicity, we illustrate the mechanism by taking the lithiation of an enclosed
spherical c-Ge as an example, as schematically shown in Figure. 2.1(e)-(f).

Figure 2.1

(a) Experimental SEM image of Se-doped Ge (Ge0.9Se0.1) electrode
particles, (b)-(d) HR-TEM images of the active material, Ge particle (dark
region), surrounded by amorphous Li-Ge-Se phase (light region), and (e)
schematic showing the micrometer-sized Se-doped Ge particles forms a
network of active Ge inclusions amidst an amorphous Se-containing
inactive Li-Ge-Se phase, inspired by the experimental observations in (a)(d).
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Different from the pure c-Ge electrode particles, the active c-Ge material in the Sedoped Ge particles is enveloped, as discussed above, by an inactive amorphous Li-Ge-Se
layer which is not involved in the reaction. Such an inactive Li-Ge-Se layer can be treated
as a solid electrolyte with a finite Li diffusivity (compared to the liquid electrolyte)
during the lithiation process. Thus, the reaction-limiting assumption in most of existing
models may be not valid. Similar to the pure c-Ge electrode particles, a salient feature of
lithiation is the formation of a sharp phase boundary in the crystalline Ge electrode,
which separates the Li-rich phase (a-Lix0Ge) and Li-poor phase (c-Ge), as lithiation
proceeds as shown in Figure. 2.2. In particular, the lithiation arises from three kinetic
processes in series that are
(i)

The redox reaction (a charge transfer reaction) at the electrolyte/Li-Ge-Se
interface,

(ii)

The diffusion of the mobile Li through the Li-Ge-Se layer and the a-Lix0Ge
phase, and

(iii)

The chemical reaction (a bulk reaction) at the a-Lix0Ge/c-Ge interface where
the mobile Li is changed to the immobilized status.

Across the sharp a-Lix0Ge/c-Ge phase boundary, the Li concentration changes
abruptly due to the consumption of Li by the chemical reaction. Such an abrupt Li
concentration change across the a-Lix0Ge/c-Ge phase boundary gives rise to a drastic
volume stretch inhomogeneity. The resulting high stresses, due to the sharp a-Lix0Ge/cGe phase boundary, induce plastic flow, fracture, and pulverization of electrodes, thereby
leading to the loss of electrical contact and limiting the cycle life of LIBs, meanwhile, the
self-forming Li-Ge-Se layer acts as a constraint for the volumetric expansion. Hence, in
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addition to the pervious pure Ge particle-level chemo-mechanical model, it is important
to develop a mechanistic model to predict the role of the inactive layer in the evolution of
phase, morphology and stress in the active/inactive phase electrode particles during the
lithiation process.

Figure 2.2

Schematic diagram showing a typical lithiation process from (a) the initial
state with a lithiation-free and stress-free Ge/ Lix0Ge electrode particle to
(b) the current state in which the active Ge particle is partially lithiated with
the sharp phase boundary, and the inactive amorphous Li-Ge-Se layer is
not involved in the reaction. In particular, the lithiation arises from three
kinetic processes in series that are (i) the redox reaction (a charge transfer
reaction) at the electrolyte/Li-Ge-Se interface, (ii) the diffusion of the
mobile Li through the inactive Li-Ge-Se and a-Lix0Ge, and (iii) the
chemical reaction (a bulk reaction) at the a-Lix0Ge/c-Ge interface where the
mobile Li is changed to the immobilized status as schematically shown in
(c)
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2.2

A brief introduction of lithiation induced stress and stress retardation effect
It had been widely accepted that the lithiation-induced stress plays an important

role in the electrochemical processes [84, 85]. Thus, numerous numerical models, i.e.,
chemo-mechanical models, have been developed to investigate how the lithiation-induced
stresses change the kinetics of Li diffusion and interface reactions [18, 46-49, 57, 60, 8690]. These chemo-mechanical models often treated the lithiation-induced stress as a
diffusion-induced stress by considering Li diffusion in a solid-state electrode that results
in the change of composition from its stoichiometric state. If the Li distribution is nonuniform, deviation from stoichiometry often causes a volume change which generates
stresses [51]. The resulting stresses modulate the lithiation kinetics in lithiated electrodes
[52-54]. Therefore, in this section, we give a brief introduction of interaction between the
lithiation-induce stress and Li insertion in a spherical electrode particle.
2.2.1

Lithiation-induced stress
The alloy-type electrode particles can undergo large volume expansion during

lithiation, which can cause the mechanical failure, i.e., the surface fractures and the
interior pores of the particle. Taking pure Ge electrode particle as an example,
Figure.2.3(a) shows a HR-TEM image of a pure Ge electrode particle after 80 cycles
variable C-test, from which the fractures and cracks appear at the edge of the particle.
Meanwhile, the large deformation during lithiation also cause the pores, or hole-like
structure inside of the particle; as shown in Figure 2.3(b). By amplifying the selected area
in Figure.2.3(a), Figure.2.3(b) shows the HAADF-STEM image of the structure of the
internal pores the inside of the particle [39]. Based on recent studies, such mechanical
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failure is mainly contributed by a large hoop stress during electrode particle swelling [60,
91].
First, the lithiation-induced hoop stress is not gradually variated along radial
direction due to the two phase lithiation process of the alloy-type electrode particles. For
example, Zhu et al [92] using in-situ TEM reveal a two-phase process of electrochemical
lithaiton in a-Si with the movement of a sharp phase boundary between LixSi phase (Lirich shell) and a-Si core (Li poor core). Later, Yang et al [93] have similar finding in the
lithiation process of Ge-type electrode particles. Such two-phase process of lithiation in
the spherical electrode particle is schematically shown in Figure.2.3(c)-(e), in which the
white core is unlithiated phase and grey shell represents lithiated phase.
Second, the variation of hoop stress usually follows a compression to tension
scheme in the surface layer. To provide a direct physical appreciation of such scheme,
Figure.2.3(c)-(e) shows the schematic of hoop stress experiences from compression to
tension by a representative material element A in the surface layer of the spherical
particle. Here, we assume that the shell is fully lithiated with a constant Li concentration.
Therefore, Li concentration changes abruptly at the moving core-shell interface, near
which the lithiation strain is generated. Note that since Li concentration changes
mechanical properties, the variations of hoop stress at the both sides of interface are
inconsistent.
In Figure.2.3(c), the element A is located inside of the pristine core due to the
early stage of lithiation. Within a spherical body, a larger radial distance means that there
are more areas in the hoop direction. Hence, the newly formed lithiated material at the
reaction front tends to move outwardly along radial direction, along which the lithiation20

induced volume expansion can be better accommodated with lower stresses generated.
Then, the outward movement of newly lithiated materials leads to hydrostatic tension in
element A. When the reaction front passes through element A, the lithiation strain is
generated, which is dilational. Because of the constraint posed by surrounding material,
local compressive stresses develop at element A. As a result, element A undergoes tensile
elastic unloading, and then, compressive elastic loading and, finally, compressive plastic
yielding in the hoop direction, as shown in Figure.2.3(d). As the lithiation proceeds, the
reaction front keeps moving toward the center and, thus, the newly lithiated material at
the reaction front pushes out the material behind it. It follows that the element A has been
pushed in the outward radial direction and suffered stretches in the hoop directions
simultaneously. Interestingly, at this stage, element A sequentially undergoes
compressive elastic unloading, tensile elastic loading and tensile plastic yielding, as
shown in Figure.2.3(e)[60].
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Figure 2.3

2.2.2

(a) HR-TEM image of a pure Ge electrode particle after 80 cycles variable
C-test, note that the fractures and cracks appear at the edge of the particle
and the pores, or hole-like structure, can be observed throughout the
interior of the particle; (b) HAADF-STEM image of the structure of the
internal pores can be observed via amplifying the selected area[39]. (c)-(e)
Schematic showing the variation of hoop stress in a represent material A in
a spherical particle during lithiation with a moving phase boundary
between the pristine core (white) and the lithiated shell (gray). Note that the
representative material element A is located at various distances relative to
the moving phase boundary, because of a gradual expansion during the
lithiation of the particle.

Stress retardation effect
The high lithiation-induced expansion of alloy-type generates large mechanical

stresses, and, on the other hand, the lithiation-induced stresses alter the driving force for
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diffusion and reaction kinetics during lithiation, which is called stress retardation effect,
or self-limiting lithiation. McDowell et al [53] measured the velocity of reaction front in
c-Si nanoparticles with different initial diameters via in situ TEM, revealing the slowing
velocity of reaction front during lithiation. They believed that the varying mechanical
stress at the reaction front reduced the driving force for reaction of Li and Si. Later, Zhu
et al [52] measured the lithiation kinetics in Si nanowires using in situ TEM, and revealed
the stress-retardation effect is the cause of the self-limiting behavior of lithiation. They
assumed, in a first approximation, the large compressive mean stress generated at the
reaction front can reduce the effective diffusivity of Li atom, which slowed down the
lithiation reaction. However, their findings cannot exclude a possibility of stress-retarded
reaction kinetic during lithiation. For example, the experiments have shown that when the
silicon undergoes anisotropic swelling during lithiation, the lithiated silicon preferentially
grows in a direction perpendicular to (110) planes of crystalline silicon[33]. But the
tensor of diffusivity of a species in cubic crystal is isotropic[94]. It follows that the
chemical reaction kinetic of Li and Si at the front varies in different crystalline
orientations causing the anisotropic morphologies, which may be also subjected to the
lithiation-induced stress. Therefore, Zhao et al [95] proposed a model of concurrent
reaction and plasticity to show that the rate of the reaction at front cause self-limiting
lithiation, rather than by Li diffusivity in the lithaited phase.
Learning from above researches and combining our experimental observations, if
the Li-Ge-Se network changes the variation of lithiation-induced stress, the chemical
reaction kinetic at reaction front of Ge0.9Se0.1 electrode is different from pure Ge one.
Therefore, it is necessary to couple elasto-plasto deformation in the phase field model to
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investigate the role of inactive Li-Ge-Se network in morphology and stress variation of
Se-doped Ge electrode upon lithiation.
2.3
2.3.1

Deformation kinematics
Stress equilibrium
The local stress relaxation is much faster than the long-range Li diffusion and

chemical reaction, thus, the stress equilibrium for all material points holds at any time,
i.e.

∇⋅ σ = 0

(2.1)

where the stress is a function of the deformation gradient F , that is defined as

F = F eF∗ , F∗ = F cF p

(2.2)

where F c means the chemically-induced deformation gradient for the compositional
inhomogeneity, F p is the plastic deformation gradient, and F e is the elastic deformation
gradient. An accumulation of an inelastic deformation F* followed by an elastic
deformation F e can be used to describe the total deformation as shown in Eq. (2.2). We
name the state after inelastic deformation F* as the intermediate state. Particularly
following the stress-free condition, this state is not necessarily compatible in kinematical
sense.
Following Eq. (2.2), the total Lagrange strain can be given as

1
E= (FT F - I)=(F c F p )T Ee F c F p +(F p )T Ec F p +E p
2

(2.3)

1
1
1
Ee = [(F e )T Fe − I], Ec = [(F c )T F c − I], E p = [(F p )T F p − I]
2
2
2

(2.4)

where

24

are, respectively, the elastic, chemical, and plastic strain tensors.
2.3.2

Elasto-plastic deformation
Assuming lithiation-induced chemical deformation rate is dilational, the total

stretch rate tensor D becomes the total deformation rate, and can be decomposed into
three additive parts in the finite-stretch plasticity framework,
(2.5)
e

p

D=D +D +D

c

where D e , D p and D c are the elastic, plastic and chemical stretch rates, respectively
[96].
At a general state of charge, the phase boundary separates the electrode materials
into unlithiated and lithiated domains. The unlithiated domain is modeled as an elastic
material, whose stress and stretch rates obey the classical Hooke’s law with two material
constants, Young’s modulus E Ge and Poisson’s ratio νGe, assuming the material is
isotropic. For the lithiated amorphous Li-Ge-Se and Lix0Ge, the isotropic elasto-plastic
model is adopted to describe its constitutive response, which specifies the relations
between the stresses and the elastic and plastic parts of the deformation gradient. The
equations are usually written in rate form, in which the stretch and stress rates are related
by the following form

τ∇e =

Eeff
1 + veff

 e

veff
tr ( De ) I 
D +
1 − 2veff



(2.6)

where “tr” denotes the trace of a tensor, τ is the Kirchhoff stress tensor that is related to
the Cauchy stress tensor as

τ = Jσ

, where

J

corresponds to the elastic volume

expansion. The superscripts in τ∇e denotes the Jaumann rate of τ, for which the elastic
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spin is involved. Different from the unlithiated domain for which the elastic constants are
fixed values, the two elastic constants, Young’s modulus E eff and Poisson’s ratio veff , for
the lithiated product (Li-Ge-Se and Lix0Ge) are phase and Li concentration dependent, as
detailed in following chapters.
The plastic stretch rate, D p , obeys the associated J2-flow rule. Namely, plastic
yielding occurs when the equivalent stress,
τ e = 3 / 2 ⋅ τ′ : τ′

(2.7)

reaches the yield strength, σ y . Here τ′ is the deviatoric part of τ , i.e., τ ′ = τ − tr ( τ ) I / 3
. According to J2-flow theory, the plastic stretch rate is given by
Dp =

3 τ′ p
d eq
2 τe

(2.8)

p
p
p
where deq = 2D : D / 3 is the equivalent plastic stretch rate.

The lithiated electrode is modeled as an isotropic elasto-plastic material with a
simple linear hardening rule

σ y = σ y0 + Hε

p

(2.9)

where σ y 0 denotes the initial yield strength, H is the hardening modulus of the material,
and ε

p

is the total accumulated equivalent plastic stretch, given by

ε p = ∫ deqp dt
t

2.3.3

(2.10)

Phase-field parameters

Assumption in our model is given that the bulk chemical reaction
x0 Li + c -Ge → a -Li x 0 Ge
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(2.11)

at the a-Lix0Ge/c-Ge phase boundary within the electrode, is specifically considered as a
phase transformation with an abundant availability of c-Ge, where x0 is the number of
moles of Li in the alloyed a-Lix0Ge phase and we use x0 = 3.75 in this study based on the
published experimental results [45]. To simulate the concurrent Li diffusion and chemical
reaction, two phase-field parameters will be defined corresponding to the states of Li
during the lithiation process, respectively.
The mobile Li that diffuses freely in the electrode as shown in Figure. 2.4. When a
Li atom (light blue) initially enters the host matrix, such as the Li-Ge-Se layer (green
region) or a-Lix0Ge phase, it is in the mobile/free state. In such state, the diffusion of Li
atoms can be treated as a process of random hops from one available position (empty
intercalation site or interstitial lattice site) to the other in the host matrix [86, 97].
Therefore, we define the mobile Li distribution in the phases via the normalized
concentration field, cLi = x / xmax , where x is the number of moles of the mobile Li, and
xmax = 4.4 is the maximum number of moles of total Li [98].
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Figure 2.4

Schematic of the mobile Li (light blue) diffusion and the immobilized Li
(stored in red region) trapped in a-Lix0Ge phase. When a Li atom (light
blue) initially enters the host medium, such as the Li-Ge-Se layer (green
region) or a-Lix0Ge phase, it is in the mobile/free state. In such state, the
diffusion of Li atoms can be treated as a process of random hops from one
available position (empty intercalation site or interstitial lattice site) to the
other in the host matrix [86, 97]. After the mobile Li reacted with Ge atom
(dark blue), the Lix0Ge alloy (red region) is formed, where the Li atoms are
trapped and stored by changing from the mobile state to the immobilized
status.

Besides, the lithiation-induced chemical deformation is isotropic resulting from both
the Li diffusion and the reversible chemical reaction. Thus, with above parameters, the
chemically-induced deformation gradient F c can be expressed as

F c = I + ( β1cLiTrapped + β 2cLi ) I

(2.12)

where β1 and β 2 are the expansion coefficients corresponding to the deformation donated
by the immobilized and the mobile Li, respectively, and I is the identity tensor.
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2.4
2.4.1

Phase-field model
Free energy densities

We define the total free energy functional of the heterogeneous material expressed
as [71, 81]

G = ∫ f dV
V



(2.13)
κξ ( ∇cLi )2 κc ( ∇ξ )2
= ∫  fch (ξ ) + fmobile ( cLi ) +
+
+ fσ ( F, ξ , cLi ) dV
V
2
2


where the terms

κξ ( ∇ξ )2 / 2

and

κc ( ∇c )2 / 2
Li

are the gradient energy densities

associated with the interfacial energy. And the rest of terms on the right-hand side in Eq.
(2.13) are:
(i) f ch (ξ ) corresponds to the local chemical free energy density, reads

f ch (ξ ) = g (ξ ) + h (ξ )η

(2.14)

where the constant term η =−0.5 eV in the assumption represents a driving force
combining the electrostatic effect and the standard potential difference between reactants
and products ( ∆ µ = µ LiGe − µ Ge ), in which the entropic driving force over the mobile Li
is negligible.

g (ξ ) =W ξ 2 (1 − ξ )

2

(2.15)

is a double-well function describing the two equilibrium states separating the reactant (

ξ = 0 ) and resultant ( ξ = 1) phases mathematically and W/16 is the artificial energy
barrier height.

(

h (ξ ) = ξ 3 6ξ 2 − 15ξ + 10
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)

(2.16)

is an interpolating function corresponding to the state of charge which is interpolated
between the c-Ge, (as h ( 0 ) = 0 ) and a-Lix0Ge (as h (1) = 1 ) phases [82, 99, 100]. Here,
neither the double-well energy function nor the energy barrier carries any physical
significance. They are introduced, in conjunction with the gradient energy

κξ ( ∇ξ )2 / 2 ,

just to form interface between the unreacted and resultant phases. Meanwhile, W and
determine a scale length, as

κξ / W

κξ

, which characteristic thickness of the phase

boundary. i.e. reaction front. However, in this work, we only apply a particular choice for
both W and

κξ , due to the lack of the direct measurement for the actual thickness of the

reaction front. Once the thickness of reaction front is measured from experiments, it can
be directly applied to the future simulation.
Then, we obtain the chemical driving force for lithiation reaction, as

µchξ =

∂f ch (ξ )
∂ξ

=g ′ (ξ ) + h ' (ξ )η

(2.17)

(ii) f mobile ( cLi ) is the free energy density of the mobile Li interacting with host matrices,
expressed with the regular solution model as [77, 101]

fmobile ( cLi ) = xmax µLi0 cLi + xmax RT cLi ln ( cLi ) + (1− cLi ) ln (1 − cLi ) 
+ xmax ΩcLi (1 − cLi )

(2.18)

where µLi0 is the chemical potential of a mobile Li atom not interacting with the host
matrices, the dimensionless parameter Ω describes the energy interaction between the
mobile Li atoms and empty intercalation sites. T is the temperature, R is the gas constant.
Then, we obtain the potential for the mobile Li in stress-free state as
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c
µmobile
=




∂f mobile
c 
= xmax  µLi0 + RT  In Li  + Ω (1 − 2cLi ) 
∂cLi
 1 − cLi 



(2.19)

(iii) fσ ( F, ξ , cLi ) is the elastic energy density induced by the inhomogeneous lithiation,
which is related to the stress states of the phases across the reaction front. In this study,
the elastic energy density is defined as
fσ ( F , ξ , cLi ) =

J cE
v
(tr(E e E e ) +
[tr( E e )]2 )
2(1 + v )
1 − 2v

(2.20)

in the Lagrangian description (initial configuration) by following our previous work [81].
Hence, we express the stress driving force in two folds, µ σξ and µ σc , corresponding to the
resulting stresses caused by the immobilized Li and the mobile Li (as shown in Eq.
(2.12)), respectively, as [102]

 ξ ∂f σ
 µσ =


 µ c = ∂f σ
 σ


( F, ξ , cLi )
∂ξ

( F, ξ , cLi )
∂cLi

= β1σ m +

1 ∂Cijkl e e
Eij Ekl
2 ∂ξ

1 ∂Cijkl e e
Eij Ekl
= β 2σ m +
2 ∂cLi

(2.21)

where σ m is the mean stress induced by the lithiation. And the terms

1 ∂Cijkl e e
1 ∂Cijkl e e
Eij Ekl
Eij Ekl and
2 ∂cLi
2 ∂ξ

(2.22)

describe the driving forces from the varying elastic modulus of the material during
lithiation, in which Cijkl is the component of the fourth-rank tensor of elastic moduli C.
Moreover, when the mobile Li starts to be trapped in Li-Ge alloy, the value of elastic
properties of the active lithiated Ge material vary between the pure Ge and Li3.75Ge’s
properties [36]. Hence, C is obtained as following,
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2


C (ξ ) = 2λ (ξ ) I +  K (ξ ) − λ (ξ )  1 ⊗ 1
3



(2.23)

where K is the bulk modulus, obtained by

K (ξ ) = Eeff / ( 3 (1 − 2ν eff ) )

(2.24)

λ (ξ ) = Eeff / ( 2 (1 + ν eff ) )

(2.25)

and shear modulus λ expressed as,

in which, ν eff is the effective Poisson’s ratio and the effective Young’s modulus )eff is
interpolated by

Eeff = ELiGe h (ξ ) + (1 − h (ξ ) ) EGe

(2.26)

where ELiGe is the Young’s modulus of Li3.75Ge and EGe is the Young’s modulus of pure Ge,
respectively.
Note that the plastic energy density ignored in Eq. (2.13) is assumed to be
independent of the concentration of Li atom [81, 101] but only related to the deformation
gradient F. Because the plastic deformation is an irreversible process and does not
contribute to the free energy or chemical potential [65]. Hence, the plastic energy density
has no contribution to the driving force of lithiation process (neither the phase evolution
nor the mobile Li diffusion). On the other hand, the deformation and stress evolution, as
indicated in Eq. (2.21), are related to the chemical-induced deformation contributed by
the concentrations of mobile Li and trapped Li atom [101].
2.4.2

Driving force for phase evolution

We obtain the total driving force for phase evolution by combining Eqs. (2.13),
(2.15) and (2.18), as following
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∂ξ
δG
= −M ξ
= − M ξ µ chξ + κ ξ ∇ 2ξ + µ σξ
δξ
∂t

(

)

(

(2.27)

= − M ξ g ′ (ξ ) + h ' (ξ )η + κ ξ ∇ ξ + µ σ
2

ξ

)

where M ξ is a function controlling the rate of chemical reaction. we assume that M ξ is
proportional to the concentration of the mobile Li, expressed as M ξ =Lη cLi , of which Lη
is the non-negative constant [101]. It is noted that at the stress-free state with η
unchanged, a higher mobile Li concentration, c Li , increases the rate of chemical reaction,
whereas a lower c Li indicates a slower lithiation process.

2.4.3

Driving force for the mobile Li diffusion

The reaction in Eq. (2.11) is expected to consume the Li that is in a mobile state,
thus, the increase of ξ is accompanied with a decrease of mobile Li concentration, i.e.,
cLi . Based on the mass conservation law, we define the mobile Li diffusion in the host

matrices as

x ∂ξ
∂cLi
= −∇ ⋅ jLi − 0
∂t
xmax ∂t
where the last term

(2.28)

x0 ∂ξ
responses to the accumulation/consuming of the mobile Li
xmax ∂t

due to lithiation reaction. And jLi is the mobile Li concentration influx, which is obtained
by the conventional expression as [81],
jLi = − M Li ∇

δG
= − M Li ∇µ Lic
δ cLi

(2.29)

where M Li =DLieff cLi (1 − cLi ) / xmax RT is the mobile Li mobility tensor that is in general a
function of the mobile Li concentration [81]. And the total mobile Li potential, µLic , is
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related to the mobile Li concentration, and the local stress state, obtained from Eqs.
(2.13), (2.17) and (2.18) as

µLic =

δG
c
= µmobile
+ κc∇2cLi + µσc
δ cLi



c 
= xmax  µLi0 + RT  In Li  + Ω (1 − 2cLi )  + κc∇2cLi + µσc
 1 − cLi 



(2.30)

if ignoring the stress effect on the diffusion driving force, reducing the number of
material constants and excluding from the consideration of some secondary important
phenomena, we adopt an alternative simpler approach for jLi , as
jLi = − DLieff ∇cLi

(2.31)

where DLieff is the effective diffusion coefficient in the active lithiated Ge material
interpolated by DLieff = DLiLiGe h ( ξ ) + DLiGe (1 − h ( ξ ) ) , where DLiLiGe and DLiGe are the mobile Li
diffusion coefficients in the lithiated Ge and unlithiated Ge respectively. Additionally, the
effective diffusion coefficient in the inactive Li-Ge-Se layer is directly set as the
corresponding value, i.e. DLieff = DLiLiSe .

2.5

Validation of the reaction-diffusion model

In order to demonstrate and verify our model, two benchmark examples that are
amenable to analytical solutions of lithiation kinetics, i.e., pure diffusion control and pure
reaction control in a pure electrode without coating are designed and calculated
respectively. To achieve such two cases, a dimensionless parameter χ = Lη A 2 / DLiLiGe is
introduced to measure the relative rate between the chemical reaction at the Ge/Lix0Ge
interface and the diffusion of Li in the amorphous Lix0Ge phase. The simulations are
34

conducted with a high and a low Li diffusivity in the Lix0Ge layer, respectively,
corresponding to the values of χ = 0.1 and χ = 20 .
Figure.2.4 plots the lithiation kinetics, i.e. the lithiation thickness versus the
lithiation time in 1D (radial direction), for the two designed cases. For the case with a
higher Li diffusivity in the Lix0Ge layer with χ = 0.1 , the normalize lithiation thickness
is linear proportional to the lithiation time as described by a function: 1 − a c = 0.01209 t
which indicates a reaction-controlled kinetic behavior. Meanwhile, for the case with a
lower Li diffusivity in the Lix0Ge layer of χ = 20 , the time dependence of the normalize
lithiation thickness and time is shown by function: 1 − ac = 0.015 t , which indicates a
diffusion-controlled lithiation process. In other words, the present PFM is able to predict
the lithiation kinetic behaviors, i.e., ~t for the pure reaction control case and ~ t for the
pure diffusion control case, which are well consistent with the analytical results in Ref.
[97]. All above verify the capacity of the present PFM to reproduce the reaction-diffusion
kinetics.
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Figure 2.5

The PFM results and the curve fitting of the lithiation thickness versus the
lithiation time of a pure Ge electrode for the pure reaction control and pure
diffusion control cases, respectively.
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ROLE OF LI-GE-SE NETWORK IN SINGLE-PARTICLE MODEL
In this chapter, based on a single, isolated particle model, we apply the reactiondiffusion phase model to study the effect of the inactive Li-Ge-Se layer on the stress
distribution of active/inactive-phase electrodes. Further, a systematic mechanistic study
of lithiation kinetics, and its effect on the stress distribution, as well as the stress
retardation effect on the lithiation kinetics are given.
3.1

Numerical implantation

The phase-field equations coupled with the constitutive equations of elasto-plastic
deformation are solved by using a FEM-based numerical method through a commercial
software package, COMSOL (version 5.2). Compared to the commonly used spectral
method for phase-field simulations, the FEM-based approach facilitates the integration of
the combined phase-field and mechanics equations, such that it is well suited to solve
problems with elasto-plastic deformation and finite-sized geometry of an arbitrary shape
under various initial and boundary conditions.
3.1.1

Boundary condition

In the present numerical platform, a simple circle-shaped electrode (See Figure.
2.2(a)) is used to demonstrate the proposed reaction-diffusion model of the mechanismlevel investigation. Two types of boundary condition are imposed: one for the phase-field
equations and the other for the mechanical stress equilibrium.
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For the former, two phase-field order parameters require two boundary conditions to
solve two partial differential equations
*

Li

= "̂

/ = 1 and

on Γ'Li-Ge-Se
Li

≤ 0.15

on Γ'Ge

(5.1)

d
where Γ dLi-Ge-Se is the outer surface of the inactive Li-Ge-Se coating layer, and Γ Ge

corresponds to the interface between the active Ge particle and the inactive Li-Ge-Se
coating layer.
In the experiments, the mobile Li was observed to quickly cover the outer surface of
the Li-Ge-Se coating layer due to the high Li diffusivity in the liquid electrolyte [18, 103,
104]. We thus prescribe three Dirichlet boundary conditions: a) assuming a saturated
normalized mobile Li concentration of "̂ = 1, corresponding to enough Li on the Li-GeSe outer surface throughout the lithiation process (see Figure. 2(b)); b) assuming a Li-rich
phase of ξ = 1, which indicates the lithiation reaction starts from the interface between the
active Ge particle and inactive Li-Ge-Se coating layer to the inside of Ge particle (see
Figure. 2(b)); c) assuming the maximum or saturated concentration of the mobile Li on
the boundary between the electrode and the Li-Ge-Se layer due to the capability of
carrying Li atoms of lithiated Ge:
boundary when

Li

Li

≤ 0.15 or

Li

89

( Notice that this is a continuity

≤ 0.15 in the Li-Ge-Se layer). In reality, the inactive Li-Ge-Se layer

contains a mobile Li concentration larger than the saturated value of 0.15. Here, we
simply set

Li

= 0.15 in the Li-Ge-Se layer if its value exceeds the saturated value of 0.15,

for the following illustrations and comparisons.
Further, regarding the mechanics boundary conditions, we assume the outer surface
'
of the inactive coating layer #Li-Ge-Se
is traction free
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−; ⋅ = = 0 on Γ'Li-Ge-Se

(5.2)

accounting for the role of Li-Ge-Se coating layer in buffering volumetric expansion,
'
where n is the outward normal at the outer surface #Li-Ge-Se
.

3.1.2

Parameters

The unlithiated Ge is considered as the pure Ge that is modeled as an isotropic and
elastic material, with Young’s modulus, EGe=130GPa and Poisson’s ratio ν Ge =0.28 [36,
105]. And the Young’s modulus and Poisson’s ratio for lithiated Li3.75Ge are
approximately )LiGe = 30GPa and >LiGe =0.28, respectively [36, 106]. For simplify. The
effective Poisson’s ratio is set as >eff = >Ge = >LiGe = 0.28, which is unlikely changed

dramatically with the immobilized Li concentration [36]. Additionally, the effective
Young’s modulus and the effective Poisson’s ratio of the inactive Li-Ge-Se layer are
directly set as the corresponding values, i.e. )eff = )LiSe and >eff = >LiGe . However, the
elastic properties of amorphous Li-Ge-Se are currently unavailable, we adopted the
properties from a very similar alloy material (i.e., Ge-Se or Ge-Se-Ga), of which the
Young’s modulus and Poisson’s ration varying from 16 GPa to 24 GPa (much softer
compared to the Ge particle) and from 0.24 to 0.26 [107-109], respectively.
We employ an isotropic elasto-plastic model along with a linear hardening law to
describe the constitutive behavior of amorphous Li-Ge-Se and Lix0Ge during lithiation, as
described in Chapter II. Moreover, the materials properties of amorphous Li-Ge-Se and
Lix0Ge in the plastic range are not available. Hence, we use typical values for the yield
strength σy0=1.2GPa, and the hardening modulus H = 2.0 GPa, which provide a
reasonable fit to recent experiments [45].
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A stress-strain curve is shown in Figure.2.3. the unlithiated domain, pure Ge
(blue), modeled as an elastic material obeys the classical Hooke’s law. Further, the
isotropic elasto-plastic materials follow a simple linear hardening rule: lithiated domain,
Lix0Ge (red dash) and Li-Ge-Se phase (yellow). The chosen initial yield strength and
hardening modulus are provided reasonable fit to recent experiments [45].

Figure 3.1

The stress-strain curve for unlithited phase-pure Ge (blue), and elastoplastic description of lithiated (red dash) phase and Li-Ge-Se (yellow).

The diffusion expansion coefficient and the reaction expansion coefficient are
β1=β2=0.5326, both of which yield an experimentally observed volume increase of 261%
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in the fully lithiated phase. The energy gradient coefficient κ ξ and the artificial energy
barrier height W controlling the thickness of reaction front are taken as 5.0 × 10BC D ⋅
E-1and 1.6 × 10BG D ⋅ E-3 , respectively[81]. The reaction-related constant,
5.0 × 10BI J -2. And the Li diffusion coefficients in pure Ge particle,

Ge
Li ,

, is taken as

is obtained by

the empirical equation as following [27, 110, 111],
Ge
Li

where

K

=

K

LMNO−P/ RS

(5.3)

= 2.5 × 10BG EI ⋅ J BT is the constant prefactor and P = 49371 J ⋅ mol-1 is the

activation energy. Thus, we have

Ge
Li

≈ 5.9 × 10BT\ EI ⋅ J -1 , which is well consistent

with the experimentally measured one by the potentiostatic intermittent titration
technique (PITT) reported in Ref. [45].
In the present PFM, all the equations are solved in a dimensionless form by
normalizing the parameters as following. Both moduli and stresses are normalized by E 0
=1 GPa that has been estimated as follows. The initial radius of Ge electrode is

A = 200 nm , and the thickness of Li-Ge-Se layer is given as 0.2A based on the
experimental observation. The length parameters are normalized by A0 = 200 nm ,
yielding a normalized Ge electrode radius of unity. Besides, the characteristic time step
Δt for lithiation evolution is taken as 0.002 s. The physical parameters and their
normalized value are summarized in Table 3.1 and Table 3.2. Due to circular symmetry,
only a quarter of each circle-shaped electrode (with radius = A+0.2A=240 nm) is
simulated and the symmetrical boundary conditions are imposed to reduce the
computational cost. The calculation is under a triangular mesh with a minimum element
size as 1.1 μm and a time step with normalized value as 0.001.
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Table 3.1

Phase-field simulation parameters
Real value

Parameter

Symbol

Value
5 × 10-2 s -1

Reaction constant.

5 × 10-9 D ⋅ E-1

Gradient energy coeff.
Barrier height

W

1.6 × 10-8 J ⋅ E-3

Particle Radius

A

200 nm

Time step

^_

0.002s

)Ge

Elastic Modulus of Ge

)LiGe

Elastic Modulus of Lix0Ge

)LiSe

Elastic Modulus of Li-Ge-Se

Ge
Li

Diffusion coeff. of Ge

LiGe
Li

Diffusion coeff. of Lix0Ge

LiSe
Li

Diffusion coeff. of Li-Ge-Se
Yield Strength

`aK

Strain Hardness

H
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130 GPa
30 GPa
16~24
5.9 × 10-17 EI ⋅ J -1

8.5 × 10-15 EI ⋅ J -1
8.5 × 10-14 EI ⋅ J -1
1.2 GPa
2 GPa

Table 3.2

The normalization of Phase field parameters
Normalized value

Parameter

Symbol
b =

Reaction constant.

× ^_K

̃ = /()K × eK I )

Gradient energy coeff.

Value
0.1
0.0001

Barrier height

h = g/)K
g

16

Particle Radius

ei = e/eK

1.0

Time step

^_̃ = ^_/^_K

0.001

Elastic Modulus of Ge

)bGe = )Ge /)K

130

Elastic Modulus of Lix0Ge

)bLiGe = )LiGe /)K

30

Elastic Modulus of Li-Ge-Se

)bLiSe = )LiSe /)K

16~24

Diffusion coeff. of Ge

hLiGe =

Ge
Li

× ^_K × eK BI

0.003

Diffusion coeff. of Lix0Ge

hLiLiGe =

LiGe
Li

× ^_K × eK BI

0.425

Diffusion coeff. of Li-Ge-Se

hLiLiSe =

LiSe
Li

× ^_K × eK BI

4.25

Yield Strength

j̀a = `aK /)K

1.2

Strain Hardness

h = k/)K
k

2

*Note that E0 = 1 GPa
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3.2

Application to Se-doped Ge electrodes

Figure. 3.2 shows the snapshots of two order parameters, i.e., the phase-field
variable, ξ and the normalized mobile Li concentration cLi at various lithiation times or
thickness for the lithiated Se-doped Ge electrode. Based on our recent PITT experiments
[45], in the fully lithiated Ge (Lix0Ge), the Li diffusivity,

LiGe
Li

= 8.5 × 10BTl EI ⋅ J -1 , is

about two orders of magnitude higher than the unlithiated pure Ge as

Ge
Li

≈ 5.9 ×

10BT\ EI ⋅ J -1 . Moreover, the Li diffusivity of the lithiated Ge0.9Se0.1 (involving about
90% Lix0Ge and 10% Li-Ge-Se) was found about two times higher than that of Lix0Ge.
We, thus, hypothesize that the Li-Ge-Se possesses ten times higher Li diffusivity
compared to the Lix0Ge, i.e.,

LiSe
Li

= 8.5 × 10BTm EI ⋅ J -1 .

Three cases are specially designed to investigate the transition of diffusioncontrolled and reaction-controlled lithiation kinetic behaviors: (1) both layers assumed
with a very low Li diffusivity of
10BTm EI ⋅ J -1 and

LiGe
Li

LiGe
Li

=

LiSe
Li

= 8.5 × 10BTn EI ⋅ J -1 ; (2)

LiSe
Li

= 8.5 ×

= 8.5 × 10BTl EI ⋅ J -1 corresponding to our recent PITT

experimental measurements on lithiated Ge0.9Se0.1, listed above; (3) both the amorphous
Lix0Ge and Li-Ge-Se phases are chosen as a high Li diffusivity of
10BTm EI ⋅ J -1 . In particular, based on Eq. (2.27), the constant

LiGe
Li

=

LiSe
Li

= 8.5 ×

and the electrostatic

driving force (o = −0.5 eV) are kept fixed in order to focus on the role of Li diffusivity,
especially in the self-forming Li-Ge-Se layer on the lithiation kinetic behavior, without
which a reaction-controlled lithiation kinetics are usually assumed in most of existing
models [46, 49, 55-58]. These parameters only aim to demonstrate the present PFM in
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predicting the transition of reaction-controlled and diffusion-controlled lithiation kinetic
behaviors.

Figure 3.2

Evolution of two order parameters in the reaction-diffusion PFM for the
lithiated Se-doped Ge electrodes. Snapshots of (a) the phase-field ξ, and (bd) the normalized mobile Li concentration cLi at various lithiation depths
for three cases. Note that the case 2 corresponds to the lithiated Se-doped
Ge particle for which the Li diffusion coefficients at various phases are
obtained from our recent PITT experimental measurements [45].
Illustration of lithiation kinetics: by (e) the normalized thickness of
lithiated shell-region vs the lithiation time for different cases, and (f)
magnified view of (e) showing the initial stage of lithiation kinetics: Ti is
the time when the lithiation reaction starts in the active Ge phase.

The first observation in the figure is a sharp interface between the pure Ge and
Lix0Ge phases at each snapshot as shown in Figure. 3.2(a), thus yielding a core/shell
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structure as experimentally observed during lithiation [45]. It is also seen that for the case
3 with a high Li diffusivity as shown in Figure. 3.2(d), the mobile Li fills up the
amorphous alloyed (Li-Ge-Se and Lix0Ge) layers quickly, and the distribution of mobile
Li is almost uniform in the alloy and reaches its saturation concentration, which is 15% of
total Li concentration. In that case, the lithiation proceeds nearly unaffected by the
mobile Li concentration or diffusion, whereas limited by the interfacial chemical reaction
rate, indicating the reaction-controlled kinetic behavior. As shown in Figure. 3.2(c), for
the case 2, the uniformly saturated mobile Li concentration can be seen at the beginning
in the alloy, as lithiation proceeds, the mobile Li diffuses at a relatively slower rate in the
a-Lix0Ge phase, so the mobile Li distribution near the Ge/Lix0Ge interface becomes nonuniform with less than saturation concentration as displayed in Figure. 3.2(d). Such a
non-saturation Li concentration slows down the lithiation according to q =

from

Eq. (2.27). Thus, the lithiation at such stage is mainly limited by the mobile Li diffusion
or concentration, suggesting the diffusion-controlled kinetic behavior. The case 1
featured with a much lower Li diffusivity in both of Li-Ge-Se and Lix0Ge layers. The
non-saturation mobile Li concentration exhibits near reaction front and thus diffusioncontrolled kinetic behavior are even observed at the very early stage of lithiation as
shown Figure. 3.2(b).
There is no interaction but transition between the reaction controlled and diffusion
controlled lithiation process. Once with large amount of mobile Li atoms around the
reaction front, the lithiation process is dominated by the chemical reaction rate. However,
when the local free Li atom is not enough, the lithiation process is controlled by the
amount of Li travelling to the reaction front as the diffusion dominates the lithiation
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process. Thus, to further investigate the transition from the reaction to diffusion
controlled processes, we plot the normalized lithiation thickness as a function of the
lithiation time for all of three cases as given in Figure. 3.2(e). It is seen that the Ge/Lix0Ge
interface starts to move after a certain time Ti, especially for the case 1 with a relatively
low Li diffusivity, for which it takes some time for the mobile Li being delivered to the
interface by diffusion to initial the lithiation reaction at the interface. For the case 2 and 3
with high diffusivity in the Li-Ge-Se layer, the mobile Li is delivered to the interface very
quickly, and initials the lithiation reaction moving the interface at a short time (very small
Ti). In addition, it is easily found that, after the interface moves, the lithiation thickness
presents a linear relation with the lithiation time ~t, i.e., the reaction-controlled kinetics
for the case 2 and case 3. For the case 2 with a low Li diffusivity in the Lix0Ge layer, the
amount of free Li delivered to the interface is less than the amount needed to sustain the
high chemical reaction rate, the interface will have to slow down depending on the
mobile Li concentration with a square root relation, i.e., ~√_ Thus, the diffusion
gradually takes over and eventually becomes the controlling process i.e., the diffusioncontrolled kinetics. For the case 1 with a lower Li diffusivity in both of alloyed layers, the
lithiation process exhibits a diffusion-controlled ~√_ kinetic behavior even at the very
early stage. An overall comparison of three curves shows that a Li diffusive coating is
necessary to ensure the reasonable lithiation kinetics; otherwise a very slow and long
lithiation occurs for a low Li diffusive coating like the case 1.
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3.3

Role of Li-Ge-Se layer in stress mitigation

Next, we intend to investigate the effect of the coating, i.e., Li-Ge-Se layer on the
intrinsic stress evolution during the lithiation of a Se-doped Ge particle. One salient
feature associated with the lithiated Se-doped Ge particle lies in the soft nature of the
amorphous Li-Ge-Se coating, with Young’s modulus approximately 20 GPa [109]. In
order to comprehensively decipher the underlying mechanism of stress mitigation by the
Li-Ge-Se coating, we specifically design one hypothetical lithiation scenario where a
hard coating with Young’s modulus of 100 GPa are assumed. The lithiation of pure Ge
particle is also simulated for the purpose of comparison. The diffusion coefficients of
amorphous Li-Ge-Se and Lix0Ge are chosen reasonably large to achieve the mainly
reaction-controlled lithiation process so that we can focus on the mechanical stress
behavior in this study.
As shown in Figure. 3.3(a)-(c), we compare the radial distribution of mean stress,
σ m , (normalized by the Young’s modulus of pure Ge, EGe ) for three cases (soft coating,

hard coating and pure Ge) at representative lithiation depths, which is specified by the
position of reaction front in the reference configuration, i.e., R/A (See Figure. 2.2).
Figure. 3.3(d) also displays the contour distribution of mean stress at three lithiation
stages, i.e., R/A = 0.9, 0.6, 0.3. The radial distribution of hoop stress and radius stress is
further plotted in Figure. 3.4 for completeness. The radius of the pure Ge case is set as A
+ Tse to achieve a fair comparison, where A is the radius of active Ge particle and Tse is
the thickness of the Li-Ge-Se coating as shown in Figure. 2.2. Consistent with the
previous studies on the pure Si and/or Ge particles, it can be seen that at the onset of
lithiation, the outer surface of Ge particle poses a dilatational deformation due to
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lithiation. Owing to the constraint from the inner unlithiated core, significant compressive
mean and hoop stresses develop at the outer surface of Ge particle and a little tensile
stress appears at the center. When conformably coated by a layer of coating, either soft or
hard, in a comparable thickness, such as our self-forming Li-Ge-Se layer, the constraint
not only is involved in the inner unlithiated core, but also comes from the coating where a
tensile stress develops. Such a tensile stress contrarily leads to a more compressive stress
at the outer surface of the Ge particle in order to achieve stress equilibrium as shown in
Figure. 3.3(a).
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Figure 3.3

Comparison of radial distribution of mean stress, σm, (normalized by the
Young’s modulus of pure Ge, EGe) for three cases: (1) soft Li-Ge-Se
coating, (2) hypothetical hard coating and (3) pure Ge without coating at
representative lithiation depths: (a) R/A = 0.9, (b) R/A = 0.6, and (c) R/A =
0.3. R/A is specified by the position of reaction front in the reference
configuration. (d) Comparison of contour distribution of mean stress for
these three cases. The soft Li-Ge-Se coating brings a reduced compressive
mean stress, whereas the hypothetical hard coating leads to an increased
compressive mean stress at the reaction front.

As the lithiation proceeds, the newly lithiation-induced swelling pushes out the
Lix0Ge phase behind the reaction front. However, the surface layer has already been fully
lithiated and thus acts as a thin shell to constraint the expansion occurring at the moving
reaction front inside the electrode. As a result, a tensile stress is built up near the surface
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layer, resembling the inflation of a balloon causing the wall stretch. When coated by a
hard layer where a high tensile stress is prevalent thoroughly, a stronger constraint will be
applied to the active Ge electrode, and thus bring a compression effect on the stress of the
entire Ge particle. Consequently, a tensile stress, either hoop or mean measure, at the
surface of Ge particle is beneficially suppressed due to such a compression effect as
shown in Figure. 3.3(b)-(c). On the contrast, the compressive effect also detrimentally
results in a remarkable increase of compressive mean and hoop stresses inside the Ge
particle, especially at the reaction front. According to Eqs. (2.21) and (2.23), the
generated compressive mean stress at the reaction front corresponds to a fairly negative
driving force, which dramatically impedes the lithiation process, which will be detailed in
Section 3.5.
On the other hand, when coated with a soft material, such as the amorphous Li-GeSe in our lithiated Se-doped Ge system, the mean and hoop tensile stresses are
significantly reduced throughout the coating as plotted again in Figure. 3.2(b)-(c).
Existing evidence suggests that the lithiation-induced fracture of an electrode particle is
mainly caused by the tensile hoop stress generated near the particle surface [60].
Therefore, such a reduced tensile hoop stress is beneficial mitigating mechanical failure.
Further, a small tensile stress within the coating gives rise to a tension effect inside the
Ge particle to reach stress balance. In that case, a decreased compressive mean stress
behind the reaction front is clearly observed, and this alleviates the stress retardation
effect in the lithiation kinetics. We therefore rationalize that (1) a small tensile hoop
stress near the surface as displayed in Figure. 3.4(b)-(c) and (2) a reduced compressive
mean stress at the reaction front as plotted in Figure. 3.3(b)-(d), are two major underlying
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mechanisms of improved chemical and mechanical performance for the Se-doped Ge
electrode due to the protection of the soft Li-Ge-Se coating [67]. From both Figure. 3.3
and 3.4, one can easily notice the discontinuity of the mean stress and hoop stress. This
happens since the radial deformation is continuous, the difference between the Young’s
moduli of Li-Ge-Se layer and Li-rich leads to the discontinuous radial distribution of the
hoop stress at the interface. Further, the mean stress is taken from the average value of
principle stresses, and, therefore, the radial distribution of mean stress is also
discontinuous at the interface of Li-rich domain and Li-Ge-Se layer. Recent, the similar
results are also reported by Singh et al. [112].
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Figure 3.4

3.4

Comparison of radial distribution of hoop stress, σθ, and radius stress σr for
three cases: (1) soft Li-Ge-Se coating, (2) hypothetical hard coating and (3)
pure Ge without coating at representative lithiation depths: (a) R/A = 0.9,
(b) R/A = 0.6, and (c) R/A = 0.3. The stress components are normalized by
the Young’s modulus of Ge, EGe. The hoop tensile stresses are significantly
reduced throughout the soft Li-Ge-Se coating.

Effect of lithiation kinetics on stress evolution

Subsequently, we explore the effect of lithiation kinetics on the stress evolution as
shown in Figure. 3.5. As a demonstration of the underlying mechanism, we compare the
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stress evolution for both diffusion-controlled and reaction-controlled scenarios. Three
different dimensionless parameters χ = Lη A 2 / DLiLiGe values of χ = 0.1 , 1, 20 are
employed for this investigation. It is easily understood that when χ is small, the reaction
front moves very slowly, e.g., χ = 0.1 , the mobile Li distribution is uniformly saturated
in the alloy, and thus tends to be a reaction-controlled scenario. It is also emphasized that
a larger value of χ = 1 indicates a larger reaction rate, and thus a higher moving velocity
of the reaction front. However, further increasing χ by decreasing the Li diffusivity,
DLiLiGe , (if we keep Lη unchanged), the free Li distribution becomes non-uniform in the

alloyed layer, and tends to be a diffusion-controlled scenario, e.g., χ = 20 .
However, as mentioned in Section 6.1, during diffusion-controlled lithiation, the
thickness of the lithiated layer increases by the square root of time. So, if we want to
achieve a deep lithiation stage, e.g R/A < 0.4, in such case, a much longer time is
required. Hence, to save computational time, we choose R/A=0.5 as the largest lithiation
thickness for comparison as given in Figure.3.5. The figure shows radial and contour
distributions of mean stress, σ m , for three cases above at two different lithiation stages
R/A = 0.9, 0.5, as before. The soft Li-Ge-Se coating is considered in this study. It is clear
evident that the tensile stress at the outer surface of the Li-Ge-Se coating is almost
identical for all the cases due to the complete plastic yielding.
The compressive stress at the reaction front and at the unlithiated core is observed to
be strongly dependent on the dimensionless parameter, χ . When a small χ = 0.1 value in
the reaction-controlled case, the reaction front moves slowly, the generated compressive
stress within the electrode has sufficient time to be relaxed by the plastic yielding.
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Increasing the χ value in the reaction-controlled range (see χ = 1.0 ), the moving
velocity of the interface goes up, there is not sufficient time to relax the stress, and thus a
clear increase of stress is observed. For very large χ value in the diffusion-controlled
case (see χ = 20 ), the mobile Li travels very slowly, and there is not enough time to
build higher Li concentration that hinders the stress build up. Such a “up and down”
behavior in stress as . χ . increases is in accordance to the findings by the sharp interface
model report in Ref.[57], which demonstrates our reaction-diffusion PFM model in
simulating the lithiation-induced stress under various conditions. The advantage of our
PFM model lies in that the diffusive phase boundary can be automatically captured free
from the cumbersome tracking of a sharp interface. The material length scale related to
this phase boundary thickness can also be well captured by the present PFM model [57].
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Figure 3.5

3.5

Comparison of radial distribution of mean stress, σm, (normalized by the
Young’s modulus of pure Ge, EGe) for three cases: (1) reaction-controlled
χ=0.1, (2) reaction-controlled χ=1.0 and (3) diffusion-controlled χ=20 at
representative lithiation depths: (a) R/A = 0.9, and (b) R/A = 0.5. (c)
Comparison of contour distribution of mean stress for these three cases. A
“up and down” behavior in the mean stress as χ increases is observed.

Stress retardation of lithiation kinetics

Finally, we investigate the effect of stress on the lithiation kinetics as shown in
Figure.3.6, in response to the concern in Section 3.3. We compare the normalized
lithiation thickness against the lithiation time for three cases: (1) with the stress effect of
the soft Li-Ge-Se coating, (2) with the stress effect of hypothetical hard coating, and (3)
without any stress effect. As expected, the mechanical stress is always found to adversely
retard the lithiation process due to the compressive characteristics at the reaction front,
whatever the case with the soft Li-Ge-Se coating or with the hypothetical hard coating.
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Further, the retardation effect for the soft Li-Ge-Se coating is much smaller than the
counterpart for the hypothetical hard coating, which even detrimentally leads to only a
few layers of lithiation thickness owing to the high compressive stress at the reaction
front. This may also partially explain the reason why the Li-Ge-Se coating contributes to
an enhanced chemical performance of the lithiated Se-doped Ge over pure Ge electrodes.

Figure 3.6

Comparison of lithiation kinetics, i.e., the normalized thickness vs the
lithiation time for three cases: (1) with the stress effect of soft Li-Ge-Se
coating, (2) with the stress effect of hypothetical hard coating, and (3)
without stress effect.
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ROLE OF LI-GE-SE NETWORK IN MULTIPLE-PARTICLES MODEL
In this chapter, the investigation focuses on the multiple particle model, in which
the particle-particle interaction during lithiation is considered. In the previous two
chapters, by developing a reaction-diffusion phase field model coupled with elasto-plastic
deformation, a previous investigation of Ge0.9Se0.1-based electrode particles focusing on a
single and isolated nanometer-sized electrode particle (c-Ge) enveloped by Li-Ge-Se
coating has been conducted [40]. The soft Li–Ge–Se network is found to reduce the
compressive mean stress at the reaction front, thus alleviating the stress retardation effect
on the lithiation kinetics. However, these results based on a single, isolated particle with
idealized structure can only partially reveal the physical underpinnings of previously
unexplained favorable chemical reaction, diffusion and fracture behavior of Se-doped Ge
electrodes. Since the electrodes can be treated as a composite including active materials
(usually consisted of multiple active particles, i.e., Si, Ge or graphite) and a conductive
coating layer (i.e., Li-Ge-Se network in our study) [113], the electromechanical
properties of the coating layer can greatly impact on the general performance of
electrodes. Also, the particle-particle interaction can play an important role on regulating
active particles’ morphology and stress evolution during lithiation.
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4.1

Problem description

Figure.4.1(a)-(f) compares transmission electron microscopy (TEM) images of a
pure Ge based electrode and a Ge0.9Se0.1-based electrode particles after 80 cycles of
variable C-rate testing [39]. Figure.4.1(a) reveals the micrometer (μm)-sized pure Ge
particles. On further magnification, Figure.4.1(b) reveals fracture and torn structure at the
edges of a Ge particle caused by large deformation and anisotropic volume change during
charging/discharging cycles. Also, the nano-pores that form in the Ge particle
(Figure.4.1(c)) indicates the large irreversible plastic deformation undergone by pure Ge
electrode during cycling. Figure.4.1(d) reveals the micrometer (μm)-sized Ge0.9Se0.1based particles. On further magnification, the HR-TEM image, Figure.1e, shows a
fracture-free structure of a cycled Ge0.9Se0.1 particle. Figure.4.1(f) reveals 10nm clusters
of nanometer-sized c-Ge particles (numbered 1 to 8) enveloped by amorphous Li-Ge-Se
network. The amorphous Li-Ge-Se network brings the superior electrochemical
performance of the Ge0.9Se0.1 electrode in cycling stability and capacity over un-doped
Ge particles [39]. However, the formation mechanism is not our focus in this study,
rather, the tempo-spatial morphology, phase change between neighboring particles, and
stress evolution of the c-Ge particles surrounded by the Li-Ge-Se network are our main
concerns. For simplicity, we illustrate the mechanism by taking the lithiation of two
spherical c-Ge particle with different radii as schematically shown in Figure.4.1(g).
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Figure 4.1

(a) TEM of cycled (indicate the number of cycles) pure Ge particles from
the pure Ge-based electrode. (b) The particle appears torn and fracture at
the edges, (c) Nanometer-sized pores are observed throughout the interior
of a micrometer-sized particle. (d) HR-TEM of an electrode particle from
the Ge0.9Se0.1-based electrode. (e) Within the particle, there is no pore or
cavity. (f) Higher magnification of a Ge0.9Se0.1 particle reviles several
crystallite Ge regions (1 to 8) surrounded by an amorphous Li-Ge-Se
inactive phase. (g) Schematic showing the micrometer-sized Se-doped Ge
particles form a network of active Ge inclusions amidst an amorphous Secontaining inactive Li-Ge-Se phase, inspired by the experimental
observations in (e)-(f).
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Unlike the pure c-Ge particles, Se-doped Ge particles are enveloped by a selfforming inactive Li-Ge-Se network with high Li capacity and diffusivity, which does not
participate in chemical reaction. Hereby, we define two states of Li atom to describe the
Li diffusion and chemical reaction, as mobile Li and immobilized Li, respectively (see
details in Section 2.3). Meanwhile, the lithiation arises from three kinetic processes in
series that are (i) the redox reaction (a charge transfer reaction) at the electrolyte/Li-GeSe interface, (ii) the diffusion of the mobile Li through the Li–Ge–Se layer and the aLix0Ge phase, and (iii) the chemical reaction (a bulk reaction) at the a-Lix0Ge/c-Ge
interface where the mobile Li is changed to the immobilized status (See details in Chapter
II and Figure.2.1). Therefore, the local distribution of mobile Li concentration determines
the lithiation reaction kinetic (reaction- or diffusion-controlled), as we have discussed in
the previous work [40]. The inactive Li-Ge-Se network as a high conductive surface film
has a high Li atom diffusivity, which can transport a large amount of mobile Li to
electrode particles during lithiation. For the c-Ge nanometer sized sub-particles located
close to the outer surface of Ge0.9Se0.1-based particles (electrode/electrolyte interface)
may have sufficient mobile Li during lithiation, the reaction-control kinetic will dominate
the lithiation reaction. However, for the c-Ge clusters located away from the outer
surface, the lithiation kinetic can be diffusion-control once the local distribution of
mobile Li is not enough. Such difference in lithiation kinetics can directly lead to
inhomogeneous lithiation, and, therefore, dramatical stress variations, which thereby
results in the loss of electrical contact and limits the life cycle of LIBs. On the other hand,
when the sizes are unequal between adjacent enveloped c-Ge particles, the geometrical
effects play important role leading to different lithiation levels and lithiation-induced
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stress. The influence of such difference can be reflected on the Li distribution near
adjacent particles (i.e., lower Li distribution). Hence, in addition to the pervious
investigation on an isolated c-Ge enveloped by Li-Ge-Se layer, it is important to study
the role of the inactive Li-Ge-Se network in the evolution of phase, morphology and
stress in the active/inactive phase electrode particles during the lithiation process in three
aspects:
1) Comparison of electrochemical performance of contact particles verse
enveloped particle. This is to explain how the network structure influence
the diffusion and reaciton kinetics of lithiation.
2) The influence of size difference on particle-particle interaction; The
mechanical of the geometery of particle can impact the preformance of
particle during lithation. Will small particle next to a large one be
overwhlemined by mechanical defromaion ?
3) Image based investigation of the cluster of c-Ge particle interaction. In the
large scale, the stresses variation inside of the Li-Ge-Se network is
investigated to understand to prevent the mechanical failure of the
amorphous network.
4.2

Comparison between network structure and hypothetical contact structure
of Li-Ge-Se phase

Some researches focused on as an active particle enveloped by a protective and
inactive binder to prevent mechanical degradation of active phase [50, 75]. However, the
network structure of inactive phase can be more effective in protecting particles from
fracture and degradations. In this section, we make a comparison between a hypothetical
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contact structure and the network structure of Li-Ge-Se layer. In the contact structure
configuration, each c-Ge particle is coated with a layer of Li-Ge-Se. Initial, the particles
are isolated, and contact is made due to swelling from lithiation (shown in Figure.4.2(a)).
The network structure refers to the configuration of c-Ge particles are evenly enveloped
with a Li-Ge-Se phase (Figure.4.2(b)). For the boundary conditions, two phase-field
order parameters are defined accordingly as two boundary conditions to solve two partial
differential equations:
1)

Li

= "̂ on Γ'Li-Ge-Se , which Γ'Li-Ge-Se is the outer surface of the inactive Li-Ge-

Se coating layer;
2) / = 1 and

Li

≤ 0.15 on Γ'Ge , which Γ'Ge corresponds to the interface between

the active Ge particle and the inactive Li-Ge-Se coating layer. Further, for other
mechanics boundary conditions, we assume the outer surface of the inactive coating
'
network or layer #Li-Ge-Se
is traction free, i.e., −; ⋅ = = 0 on Γ'Li-Ge-Se , accounting for the

role of Li-Ge-Se coating network or layer in buffering volumetric expansion, where

n

is

the outward normal at the outer surface Γ'Li-Ge-Se .
In experimental observations, the mobile Li was observed to quickly cover the
outer surface of the Li-Ge-Se coating layer due to the high Li diffusivity in the liquid
electrolyte [18, 103, 104]. Hereby, we prescribe three Dirichlet boundary conditions:
i)

A saturated normalized mobile Li concentration of "̂ = 1, corresponding
to enough Li on the Li-Ge-Se outer surface throughout the lithiation
process is assumed;
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ii)

A Li-rich phase of ξ = 1, which indicates the lithiation reaction starts from
the interface between the active Ge particle and the inactive Li-Ge-Se
coating layer to the inside of Ge particle is prescribed;

iii)

The maximum or saturated concentration of the mobile Li on the boundary
between the electrode and the Li-Ge-Se layer due to the capability of
carrying Li atoms of lithiated Ge: cLi ≤ 0.15[40].

In the present PFM, all the equations are solved in a dimensionless form. Both moduli
and stresses are normalized by )K = 1 GPa that has been estimated as follows. The initial

radius of nanometer-sized Ge particle is e = 20 nm and As = 10 nm for large and small
particles respectively, and the thickness of Li-Ge-Se layer is given as 0.2e based on the

experimental observation. The length parameters are normalized bye = 10 nm, yielding
a normalized radius of unity. The physical parameters and their normalized value are
summarized in Table 4.1. The rest of the physical parameters and corresponding
normalized value are the same as Table 3.1
Table 4.1

Particle radii and their normalized values
Real value

Parameter

Symbol

Particle Radius (large)

el

Particle Radius (small)

es

Normalized value
Value

20 nm

Symbol

t = e /eK
e

tu = eu /eK
e

10 nm

Value
2.0
1.0

Note that A0 is the length scale, equal to 10 nm
Figure.4.2(c)-(d) show the variation of surface mean stress at adjacent surfaces in
both particles with respect to lithiation time for the contact structure and the network
structure (given in Figure.4.2(a)-(b), respectively). In Figure.4.2(c), after 25s of lithiation,
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the mean stress difference between the adjacent surfaces in both particles increases over
time. However, in the network structure (shown in Figure.4.2(d)), the stress difference
between the adjacent surfaces in both particles increases from 10s to 80s during lithiation
but decreases as lithiation proceeds, reaching an equilibrium state at 220s. The
comparison reveals that the Li-Ge-Se network can provide even stress distribution near
adjacent surfaces between neighboring particles.

Figure 4.2

Schematic of (a) the contact structure and (b) the network structure; in
which the red arrows indicate the Li influx; The variations of the lithiationinduced surface compressive mean stress, σm, in large and small particles
with respect to lithiation time for (c) contact structure and (d) connective
structure, respectively.

The Li-Ge-Se network with the high Li diffusivity provides more diffusion paths
for inter-particle diffusion than the hypothetical contact structure, which brings even
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stress distribution between the adjacent surfaces of neighboring particles upon lithiation.
In general, the inter-particle diffusion happens when a chemical potential difference,
given as

∆µσ = µσL − µσS

(6.1)

induced by the different stress levels at adjacent surfaces is greater than zero. Δμσ drives
the inter-particle diffusion, pushing the mobile Li from the large particle to the smaller
one near the contact region. Consequently, the mobile Li concentration,

cLi , in the large

particle is diluted, generating a local negative driving force which drives the delithiation
in the large particle but leads to instantaneous lithiation in the smaller one. As the interparticle diffusion continues, it impacts the stress variation in both particles until the two
particles reach an isopotential, i.e. Δμσ=0 (inter-particle diffusion stops), the lithiation
resumes as a-Lix0Ge phase grows, resulting in Δμσ>0, which drives the inter-particle
diffusion [67].
In this study, however, the direct observation of lithiation/delithation is
impossible due to the mesh density, time steps and computational cost. Instead, we use
(see Figure.4.3) the reaction driving force, ∂ ξ / ∂ t , at different times to show the interparticle diffusion.
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Figure 4.3

Comparison of the magnitude and direction of the reaction driving force at
different time: (a) t=40 s, (b) 120s, (c) 200s, and (d) 240s. The white arrow
represents the direction and its size corresponds to the magnitude of the
reaction driving force.

In Figure.4.3, the white arrow indicates the direction of reaction driving force,
when it points inward it indicates a positive driving force and a tendency for lithiation.
Conversely, pointing outward, it indicates a negative driving force and a tendency for
delithiation. The size of each arrow indicates the magnitude of the reaction driving force.
In Figure.4.3(a), the large negative driving force is prevalent in the large particle showing
a tendency of delithiation, corresponding to Figure.4.2(d), that during the initial stage of
lithiation a higher compressive stress builds-up at the surface of the large particle. At the
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same moment, the smaller particle is dominated by positive driving force, as the inward
pointing arrows indicate (Figure.4.3(a)). As lithiation proceeds, (see Figure.4.3(b)-(d))
the magnitude of the driving force decreases as the compressive stresses on both particles
surface equilibrates. The random distribution of arrows’ direction is noticeable in
Figure.4.3 due to the mesh density and mobile Li diffusion causing uneven lithiation in
the model. Therefore, when neighboring particles are in different sizes, the network
structure of Li-Ge-Se can evenly redistribute the compressive stress at adjacent surfaces
of neighboring particles.
4.3

Particle-particle interaction between two neighboring nanometer sized
particles

Previous works usually assume [114] that, regardless of the electrode particle’s
position, each particle has been evenly merged in the electrolyte, so that the lithiation of
each particle is simultaneous. However, due to finite Li diffusivity in the Li-Ge-Se
network, the nanometer sized sub-particles near the outer surface of micrometer sized
electrode particle start lithiation earlier than those located far away from the outer
surface. Figure.4.4(a) shows the TEM image of a Ge0.9Se0.1-based electrode during
lithiation. The mobile Li diffusion process that occurs in the amorphous Li-Ge-Se
network can be expressed as:
(1) redox reaction (a charge transfer reaction) at the electrolyte/Li-Ge-Se
interface;
(2) diffusion of mobile Li through the Li-Ge-Se layer. Hence, inspired by the
actual lithiation process, we change the mobile Li influx boundary condition from the
outer surface of the Li-Ge-Se to the small particle simulating the Li diffusion inside of
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the network, assuming the large particle to be located in the interior of the Ge cluster.
When a mobile Li atom entering the outer surface, it has to travel along the Li-Ge-Se
network to reach each particle. Figure.4.4(b) shows the axisymmetric finite element
model for the particles. Rc, Rf and Tse are the radius of particles in contact direction, the
radius of particles in free direction, and thickness of the inactive Li-Se-Ge layer,
respectively. The red arrows indicate the mobile Li influx, where cLi = cˆ β . Notice that
the rest of the boundary conditions applied in this case are the same as in Section 4.2.

Figure 4.4

(a) Schematic shows the diffusion process of mobile Li in Li-Ge-Se
network, (i) redox reaction (a charge transfer reaction) at the electrolyte/Li–
Ge–Se interface (ii) diffusion of mobile Li through the inactive Li–Ge–Se
and a-Lix0Ge phase. (b)Schematic drawing of aggregating anode aligning
in one-dimension and the axisymmetric finite element model for the
network structure particles. Rc, Rf and Tse are the radius of particles in
contact direction, the radius of particles in free direction, and thickness of
inactive Li-Se-Ge layer, respectively. The red arrows indicate the Li influx.

Figure.4.5(a) shows the variation of the mean stress, σm (normalized by the
Young’s modulus of pure Ge), between two particles at different lithiation times (18s,
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120s and 240s). Notice that we show the stress evolution align with the representative
lithiation depths, which is specified by the position of reaction front in the reference
configuration. Hence, the deformation due to lithiation is neglected in the plots. The
mechanical confinement in contact direction results in a higher compressive mean stress
at the reaction front in both particles along the Rc direction than the one along Rf. The
lithiation thickness of each particle has been normalized by the radius of large particle (

alf for the large particle and a sf for the smaller particle, respectively) for comparison.
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Figure 4.5

(a) Contour plots showing the distribution of mean stress (σm) normalized
by the Young’s modulus of pure Ge (EGe) at different lithiation times:
t=18s, 120s and 240s. (b) Comparison of radial distribution of the mean
stress (σm) at different lithiation times: t=18s, 120s and 240s along the free
radius ( ) and along the contact radius ( ) for the large particle. (c)
Comparison of radial distribution of the mean stress (σm) at different
lithiation times: t=18s, 120s and 240s along the free radius ( ) and along
the contact radius ( ) for the smaller particle.

For the large particle, Figure.4.5(b) compares the radial distributions of mean
stress along the free direction,

, and along the direction of

. The compressive mean

stress at reaction front along the contact direction is higher than along the free direction
due to inter-particle contact. Similarly, we obtain the radial distribution of mean stress in
the small particle as shown in Figure.4.5(c), in which a higher compression at the
reaction front is observed along the contact direction than the free direction. Reason
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being that, at the same time, the small particle has a higher percentage of lithiated phase
than the large particle. Also, the lithiation kinetic in the small particle is completely
reaction-control as shown in Figure.4.6(a), which results in a faster lithiation and a
shorter relaxation time for dissipation of compressive stress. Meanwhile, during lithiation
in the large particle, the lithiation kinetic is both reaction and diffusion control. In the
earlier stage, the lithiation kinetic is reaction-controlled but then transits to diffusioncontrolled as the phase boundary moves deeper. This transition slows down the lithiation
process resulting in a longer relaxation time for the dissipation of accumulated stress.
Notice that the compressive mean stress can lead to retardation of Li influx into the
particles therefore resulting in a negative driving force for the chemical reaction.
Furthermore, we compare the mobile Li distribution in two cases: 1) with the
stress effect and 2) without any stress effect. Given in Figure.4.6(a)-(b), the stress
retardation effect leads to slower phase evolution near adjacent surface of both particles
(consistent with the mean stress distribution in Figure.4.5).
To exam the stress retardation effect due to the mechanical confinement of the
particles by the Li-Ge-Se coating, we check the total Li profile for both particles.
Although the particles do not make direct contact because of the Li-Ge-Se buffer, the
large compressive stress generated by the contact effect of both particle (see
Figure.4.5(a)) plays an important role in the Li profiles when the stress effect is
considered (as shown in Figure.4.6(a)). Figure.4.6(c)and Figure.4.6(e) show the Li
profiles along the contact radial direction at different lithiation times (120s and 240s).
The solid and dash lines represent the Li profiles when the stress effect on Li diffusion is
ignored and when it is accounted for, respectively. In both plots, with the mechanical
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confinement from the Li-Ge-Se phase, the Li insertion into the particles is suppressed due
to the compressive stress. As lithiation proceeds, the suppressed effect is more obvious,
especially in the smaller particle as shown in Figure.4.6(e). At 240s, the smaller particle
is almost fully lithiated, but mechanical confinement attributed by the Li-Ge-Se layer
causes a 20% less utilization. Figure.4.6(d) and Figure.4.6(f) compare the Li distribution
along the free and contact radial direction for both particles. The contact effect from both
particles results in large compressive stress at the reaction front, which can cause a large
stress retardation effect. It means that the capacity is more affected in the smaller particle
than the lager one.
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Figure 4.6

(a) The mobile Li distribution at different lithiation time as t=18s, 120s and
240s in the case without stress effect. (b) the mobile Li distribution at
different lithiation time as t=18s, 120s and 240s in the case without stress
effect. (c-f) Stress retardation due to the mechanical confinement of the LiGe-Se coating and particles contact. (c) Comparison of radial distribution
of total Li along the free radius due to the stress effect in the particle of
large size. (d) Comparison of total Li profiles along two radii (free radius
and contact radius) of different orientations of the particle of large size. (e)
Comparison of radial distribution of total Li along the free radius due to the
stress effect in the particle of small size. (f) Comparison of total Li profiles
along two radii (free radius and contact radius) of different orientations of
the particle of small size.
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4.4

Stress effect vs. ratio of radii

During lithiation, a small particle next to a large one can be overwhelmed by the
stress field of large particle due to the dissimilarity in particle size. As a result, we find
more deleterious mechanical effect, i.e., stress retardation effect, in the small particle.
The key of stress retardation during particle’s lithiation is the compressive mean stress at
reaction front, which donates a negative stress driving force,

, in phase evolution, as

shown in Eq. (2.27).
Hence, in this section, we run a couple of cases to show the relationship between
the ratio of radii of the adjacent particles and the compressive mean stress variation along
the contact radial direction. Figure.4.7 compares the mechanical influence of different
ratios of radii along the contact direction based on the same model used in Section 4.2.
First, we fix the radius of large particle (L) and increase the size of the small one (S), as
S/L= 0.2, 0.5, 0.6, 0.8. The mean stress, σm, at the reaction front is barely impacted as the
radius of smaller particle increases at the time t=120s and 220s, given in Figure.4.7(a)
and Figure.4.7(b), respectively. There is a slight mechanical influence on the mean stress
variation in the large particle along contact direction, but stress levels of the compressive
mean stress at reaction front are barely impacted as S/L increases.
However, this is not the case when we fix the radius of the small particle (S) and
increase the size of the large one (L), as L/S= 1.6, 2.0, 2.4, 2.8. In Figure.4.7(c) and
Figure.4.7 (d), we observe an increased compressive mean stress, σm, at the reaction front
due to L/S increase. This means that the compressive mean stress at the reaction front of
small particle is proportion to the size nearby large particle
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Figure 4.7

Comparison of particle-particle mechanical influence in different ratios of
radii along contact direction. By fixing radius of large particle (L) but
increasing the radius of small one (S) (i.e., S/L= 0.2, 0.5, 0.6, 0.8), (a)-(b)
Contour plots showing the distribution of mean stress (σm) normalized by
the Young’s modulus of pure Ge (EGe) at different lithiation times: t=120s
and 220s. (c)-(d) By fixing radius of small particle (S) but increasing the
radius of large one (L) (i.e., L/S=1.6, 2.0, 2.4, 2.8), (a)-(b) Contour plots
showing the distribution of mean stress (σm) normalized by the Young’s
modulus of pure Ge (EGe) at different lithiation times: t=120s and 220s.

The large particles have higher levels of lithiation-induced-stress. However, this
high level of compressive stress needs a corresponding tensile stress for balance. Hence,
a higher tension (or a less compressive stress) at the surface of the large particle is
necessary to balance a higher compressive at the reaction front. However, the Li-Ge-Se
layer between both particles acts like a “bridge” passing the pressure from the large
particle to the small one. As shown in the Figure.4.2(d), both adjacent surfaces will reach
an equal stress state. The extra “stress” from the expansion of nearby large particle
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donates the deleterious mechanical effect on the smaller particle, compressing along the
contact radial direction. As a result, a higher compressive stress at the reaction front of
the smaller particle causes a greater stress retardation effect.
4.5

Particle-particle interaction in micrometer sized Ge0.9Se0.1 electrode particle

One micrometer sized Ge0.9Se0.1-based electrode particle usually contains multiple
nanometer sized sub-particles (c-Ge). Due to the size difference and the finite Li
diffusivity in Li-Ge-Se, the interaction among these nanometer sized particles can cause
debonding or fracture failure in Li-Ge-Se network upon lithiation. Though the fracture
may be eliminated at the surface of active nanometer sized c-Ge sub-particles, the
debonding or fracture of protective Li-Ge-Se phase can still cause problems, i.e., reduced
diffuse path leading to uneven lithiation and, eventually, capacity loss. Note that capacity
loss refers to an irreversible loss of Li inventory. Chemical degradation is the generally
the dominant mode for the capacity loss and the mechanical degradation indirectly
contributes to the capacity loss in two specific ways:
(i)

The active particle fracture exposes more particle - electrolyte interface
and in turn, more SEI formation takes place at these fresh locations,
leading to irreversible loss of cyclable Li;

(ii)

In the extreme fracture conditions, active particle disintegrates and loses
its electrochemical contact from the electrode network.

As schematic shown in Figure.4.8(a), before cycling, the nanosized sub particles
are attached and enveloped by the Li-Ge-Se network connecting to the collector.
However, during cycling, the fracture and debonding happen to the Li-Ge-Se network,
and, as a result, some of the particles detach to microsized electrode particle cluster, as
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shown in the Figure. 4.8(b). The isolated particles will not involve in lithiation in next
cycling, and the fresh locations from a new SEI (Li-Ge-Se phase growth) irreversibly
consuming cyclable Li.
Therefore, in this section, an image-based model will be used to investigation
particle-particle interaction in micrometer-sized Ge0.9Se0.1 electrode particle.

Figure 4.8

Schematic of capacity loss due to mechancial failuire, (a) a microsize
electrode attacthed to the collector before cycling; (b) The particles debode
from the microsize electrode after cycling.

As shown in Figure.4.9(a), the experimental TEM image tells no fracture in
Ge0.9Se0.1-based electrode particles before lithiation. However, after 80 cycles of
charging/discharging, we can see that the fracture failure of Li-Ge-Se network (marked
with yellow arrows) located between adjacent micrometer-sized particles (see
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Figure.4.9(b)). Also, the fracture can be found inside of the micrometer -sized particle by
amplifying the chosen region of the electrode (see Figure.4.9(c)). By further amplifying
the selected region in Figure.4.9(c), we obtain the HR-TEM image of the active material,
c-Ge particle, surrounded by an amorphous Li-Ge-Se phase (see Figure.4.9(d)). From
this, we constructed a corresponding 2D model, as given in Figure.4.9(e), the c-Ge
particles (blue) are buffered by the Li-Ge-Se network (Green) as shown in Figure.4.9(f).
The radii of the c-Ge particles are varied from 5 nm to 30 nm. The boundary conditions
are given as following:
1.

Li

= "̂ = 1 on Γ'electrode , where Γ'electrode is the outer surface of the particle

cluster.
2. ξ=1 and cLi ≤ 0.15 on Γ'Ge , which Γ'Ge corresponds to the interface between the
active Ge particle and the inactive Li-Ge-Se coating layer.
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Figure 4.9

(a) Experimental SEM image of Se-doped Ge (Ge0.9Se0.1) electrode
particles before cycling. (b) SEM image of the of Ge0.9Se0.1 electrode
particles after cycling. (c-e) HR-TEM images of the active material, Ge
particle (crystal zone), surrounded by amorphous Li–Ge–Se phase (light
region). (f) Schematic diagram of the representative element of a Ge0.9Se0.1
electrode particle. c-Ge (blue) and network of Li-Ge-Se phase (green).

Figure.4.10(a) and Figure.4.10(b) show the snapshots of two order parameters, the
phase-field variable (ξ) and the normalized mobile Li concentration ( cLi ) at different
lithiation times (t=3.6s, 40s, 160s, 360s). As expected, the different degrees of Lix0Ge
phase evolution in the particles are controlled by particle size and the mobile Li atom
diffusion path. The small particles are lithiated faster than the large ones because of the
smaller the radius of the particle provides the shorter the diffusion path. In each particle,
the Lix0Ge phase evolution is inhomogeneous during the lithiation process, i.e., in the
largest particle in Figure.4.10(a). This is because of the diffusion of the mobile Li atom in
the Li-Ge-Se network. In Figure.4.10(b), at the early stage of lithiation, in the entire
particle cluster, the mobile Li influx is not evenly distributed nor saturated in the Li-Ge80

Se network. For example, at lithiation time t=3.6s, the particles that is near the outer
surface of the electrode starts lithiating, whereas the particles inside of the electrode
remain in pristine state. As shown in Figure.4.10(b), it takes about 40s for the Li-Ge-Se
network to reach a saturated and evenly distributed state of the mobile Li. Before that, the
mobile Li distribution in the Li-Ge-Se layer is inhomogeneous, causing an
inhomogeneous lithiation of the particles, and, therefore, resulting in uneven mean stress
distribution in the radial direction in each particle, given in Figure.4.10(c). Also, the
mechanical constraint of the Li-Ge-Se network results in a high compressive mean stress
at the center of the particles that are fully lithiated. This is because, the volume expansion
of the particles leads to tensile stress at the surface of the particle during the final stage of
lithiation. To balance the particles’ surface tensile stress, a high compressive stress at the
center of particle and a tensile stress in the Li-Ge-Se network are required. However, the
large particles continue swelling, hence increase the tensile stress in the Li-Ge-Se
network. Therefore, the tension is balanced by the large compressive stress inside the
lithiated particles. This compressive mean stress impedes Li insertion into the particles,
reducing the electrode effective capacity.
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Figure 4.10

Evolution of (a) the phase-field ξ (b) the normalized mobile Li
concentration cLi and (c) the mean stress distribution at different lithiation
times t=3.6s, 40s, 160s, 360s.

For further analysis of self-limiting phenomena caused by the lithiation induced
stress, we choose particle “1” for illustration, identified in Figure.4.11(a). The particle is
located between a larger particle (right) and a smaller one (left). The green solid line
represents the axis of the chosen particle, the other solid lines represent the Li distribution
without stress effect, and the dash line accounts for the stress effect. Figure.4.11(b)-(d)
show the uneven lithiation in the chosen particle “1”, at time (b) t=120s, (c)t=240s and
(d)t=360s, respectively.
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Figure 4.11

Comparison of total Li distribution in (a) the particle “1” at different
lithiation time, as (b) t=120 s, (c) 240 s, and (d) 360 s.

The Li distribution across the diameter of the particle is axisymmetric,
corresponding to a faster lithiation at the right side of the particle (as also shown
Figure.4.10(b)). When the stress effect is considered, a large compressive mean stress
concentrates at the center of the particle, impeding Li insertion into the particle. For
example, at t=360 s, when the stress effect is ignored, the particle is saturated with Li
(blue solid line), but by considering the stress effect, the Li concentration at the center of
the particle is much lower (blue dash line). Third, more lithiation retardation is
experienced at the right side of particle “1” when the stress effect is considered, as shown
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in Figure.4.11(b)-(d). The right side of the particle has lower Li concentration than the
left side. This is because the large particle at the right side of “1” exerts more stress at
that region than the stress exerted on “1” by the smaller particle at the left. This result
indicates that smaller particles are more affected by adjacent particles resulting in the
generation of large compressive stress in the center during lithiation.
Avoiding structure disintegration, i.e., the fracture in the Li-Ge-Se phase and
interfacial debonding between the active c-Ge particle and the Li-Ge-Se network is very
important in the optimization of the electrochemical performance of electrodes. We
analysis the stresses in the structure to understand the failure risk. Figure.4.12(a) and
Figure.4.12(b) show the maximum tensile stress and shear stress in the Li-Ge-Se
network, respectively. The maximum normal stress is located at the region surrounding
the active particles, especially at the outer surface of the electrode. The maximum shear
stresses are between the neighboring particles, especially between the large and small
particles. It shows that a large size difference between adjacent particles generates higher
shear stress. The normal stress could result in irreversible morphology changes or
fracture of the Li-Ge-Se network, which could reduce the mobile Li transportation path
for the particle leading to an uneven lithiation and capacity loss. The shear stress is the
driving stress for interfacial debonding between the particles and the network. A
debonded interface could isolate the active particles and increase the ohmic and thermal
resistance of the electrodes—another known factor that causes persistent capacity loss of
the electrodes over cycles.
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Figure 4.12

Contours of (a) the maximum tensile stress and (b) the shear stress in the
Li-Ge-Se network.
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CONCLUSION
In this dissertation, the reaction-diffusion phase-field model (PFM) had been developed,
motivated by the experimental observed network of active/inactive-phase structure in the
lithiated Se-doped Ge electrode particles where the complete reaction-limiting assumption is not
valid. The proposed PFM model allows the determination of the condition which leads to a
diffusion and/or reaction controlled lithiation process. This is facilitated by defining two sets of
phase-field order parameters: one for the mobile Li distribution in the phases via the normalized
concentration field,

Li ,

and the other for the continuous phase-field variable, ξ, as the

immobilized Li trapped in the lithiated alloy, separating a-Lix0Ge and c-Ge during the phase
transformation. Such two sets of phase-field order parameters enable us to concurrently simulate
the chemical reaction and Li diffusion.
The reaction-diffusion PFM model was then coupled with elasto-plastic deformation, and
applied to investigate the role of the inactive phase in morphology and stress variation of Sedoped Ge electrode upon lithiation. The soft Li-Ge-Se coating was found reducing the
compressive mean stress at the reaction front, thus alleviating the stress retardation effect on the
lithiation kinetics. Further, the suppressed tensile hoop stress at the surface of the particles
revealed the physical underpinnings of the surface fracture-free behavior of the lithiated Sedoped Ge electrode. On the other hand, owing to the strong constraint effect, the hypothetically
hard coating caused a compression effect on the stress of the entire Ge particle, which not only
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beneficially suppressed the hoop stress at the surface of the Ge particle, but also detrimentally
resulted in a remarkable increase of compressive mean stress at the reaction front which
dramatically retards the lithiation kinetics. The lithiation kinetics and the stress evolution were
subsequently explored in a bi-directional fashion. A “up and down” behavior in the stress was
found as a function of the relative rate ( =

eI /

LiGe
Li

between the chemical reaction at the Ge/

Lix0Ge interface and the Li diffusion in the amorphous Li-Ge-Se and Lix0Ge.
Since a microsized particle contains multiple nanosized sub particles, we investigate the
stress variation and phase morphology in the Ge0.9Se0.1 electrode particles under influence of the
particle-particle interaction. And the findings were:
1) The comparison between the hypothetical contact structure and the network structure of
the inactive Li-Ge-Se phase indicated that the network structure promotes even mean
stress distribution near the contact area of neighboring particles.
2) The lithiated phase morphology and the mobile Li distribution were studied utilizing the
network structure of the Li-Ge-Se phase. The result indicated a higher compressive stress
at the reaction front toward the contact radial direction, impeding the mobile Li insertion
into the particles.
3) The deleterious mechanical effect is more prominent in smaller particles due to the
particle-particle interaction. As the dissimilarity in particle sizes grow, a smaller particle
next to a large particle will behave badly as it will be overwhelmed by the larger particle
stress-field. Thus, the small particle suffered more stress retardation effect than the large
one at same lithiation time due to a higher buildup of compressive stress induced by
lithiation.
4) We simulated the stress and phase evolution in a Ge0.9Se0.1 based micrometer-sized
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particle cluster containing multiple particles of different sizes (nanometer-sized c-Ge).
The outcome indicated that the large compressive stress concentrated at the center of the
particles after full lithiation, potentially results in slowing down lithiation process of
particle. Also, inhomogeneous lithiation in the smaller particle is observed due to uneven
mobile Li influx, inhomogeneous Li distribution at the early stage of lithiation process,
and the contact influence from the larger neighboring particle. Also, we noticed that large
shear stress is generated between large and small particles, indicating possible debonding
or failure location.
Our findings not only revealed the physical underpinnings of previously unexplained
favorable chemical reaction, diffusion and fracture behavior of Se-doped Ge electrodes, but also
shed the light on quantitative design guidelines toward high performance consisting of
active/inactive-phase anodes. Finally, we note that the present PFM is thermodynamically
consistent, and featured with a diffusive phase boundary that can be automatically captured
overcoming the cumbersome tracking of a sharp interface, which is present in the sharp-interface
model [57]. The present PFM is broadly applicable to high-capacity electrodes and even general
electro-chemo-mechanical systems undergoing phase reaction, diffusion and elasto-plastic
deformation.
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